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ABSTRACT
Norovi ruses are recognised as a major world-wide cause of epidemic 
gastroenteritis and a significant cause of food-borne illness. The most 
frequently reported vehicles of transmission are bivalve mulluscan shellfish. 
However salad crops, vegetables and fruits have also been implicated in 
outbreaks of disease. Numerous methods have been developed for the 
detection of Noroviruses in shellfish but these are time-consuming and labour 
intensive, therefore a method was developed for the routine detection of 
Noroviruses in shellfish which could be used in a commercial setting. Viral 
RNA was extracted using a commercially available kit and amplified using a 
one-step reverse transcription -  polymerase chain reaction (RT-PCR) before 
detection by gel electrophoresis. However the level of sensitivity achieved 
using this method was found to be insufficient for the detection of natural 
levels of viral contamination. The uptake and internalisation of viruses by 
plants was investigated using a model system developed to mimic the natural 
damage caused to roots by soil abrasion. Model viruses, bacteriophage MS2  
and Feline Calicivirus, were taken up by plants grown on virally contaminated 
media however high input levels of virus were required for uptake to occur. 
Finally a recombinant and potentially broad spectrum cross-reactive Norovirus 
antigen was used to raise antisera in rabbits and evaluated for use in novel 
immuno-concentration procedures. The antiserum raised was capable of 
detecting denatured virus antigens and against this type of antigen the serum 
appeared to have a broader reactivity than that raised to native virus protein. 
However the serum had no detectable reactivity towards native proteins.
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CHAPTER 1 
GENERAL INTRODUCTION
1.1 FOODBORNE VIRUSES
Viruses are intracellular obligate parasites requiring a host cell in which to 
replicate. Unlike bacteria and fungi they are transferred from host to host in the 
form of totally inert particles and are thus unable to replicate or produce toxins in 
foods. Food-borne viruses are generally enteric, that is they are transmitted by 
ingestion through the gastrointestinal tract and are shed in the faeces, therefore 
any food that comes into contact with human faeces can serve as a vehicle for 
the transmission of these viruses. Human enteric viruses have emerged as a 
significant cause of food-borne disease causing two main types of illness: viral 
gastroenteritis and viral hepatitis.
1.1.1 Viral gastroenteritis
Viral gastroenteritis in man was originally reported in 1929 by Zahorsky, an 
American physician, who described it as 'hyperemesis hiemis’ or winter vomiting 
disease (Zahorsky, 1929). Illness primarily occurred during the winter months 
(September to March) with patients suffering an acute self-limiting episode of 
vomiting with diarrhoea. The secondary attack rate was high among family 
members indicating a highly infectious agent. Following this initial report a 
number of outbreaks presenting with the same symptoms were studied (Gray, 
1939; Bradley, 1943). Stool samples were found to be consistently negative for 
pathogenic bacteria and subsequent studies involving the oral inoculation of 
human volunteers with stool filtrates taken from symptomatic patients provided 
strong evidence of a viral agent (Gordon et al, 1947; Dolin et al, 1971). However,
it was not until 1972 that a causal relationship between a virus and gastroenteritis 
was demonstrated, when immune electron microscopy (IEM) was used to detect 
virus particles in the stools of symptomatic individuals collected during the 
investigation of an outbreak of non-bacterial gastroenteritis in NonA/alk, Ohio in 
1968 (Kapikian et al, 1972). Both experimentally and naturally infected 
individuals developed gastrointestinal illness and serological evidence of 
infection. Following this discovery several other morphologically similar viruses 
were identified in outbreaks of non-bacterial gastroenteritis. These viruses were 
generally referred to as small round-structured viruses (SRSVs) or NonA/alk-like 
viruses (NLVs) and were commonly named after the place in which the outbreak 
occurred. They were later classified in the family Caliciviridae along with the 
classical human caliciviruses, which were first reported in the stools of children 
with gastroenteritis in 1976 (Madeley & Cosgrove, 1976) and became known as 
Sapporo-like viruses (SLVs) after an outbreak of gastroenteritis in Sapporo, 
Japan in 1977 (Chiba et al, 1979). Human rotaviruses were first detected by 
electron microscopy (EM) of intestinal biopsy specimens from children with 
gastroenteritis in 1973 (Bishop et al, 1973). They were later detected in faecal 
extracts taken from children with acute gastroenteritis (Bishop et al, 1974) and 
identified as a major cause of severe gastroenteritis in infants and young 
children. Astroviruses were described in 1975 following EM studies of stool 
samples from babies with diarrhoea (Appleton & Higgins, 1975; Madeley & 
Cosgrove, 1975) and the enteric (group F) adenoviruses were detected by EM 
the same year and also found to have a causal role in gastroenteritis (Flewett et
al, 1975). The enteric viruses for which a causal relationship to gastroenteritis 
has been demonstrated are discussed in more detail below. Candidate agents of 
viral gastroenteritis where an aetiological relationship has not yet been 
determined include the coronaviruses, Echovirus type 22, picobirnaviruses, 
pestiviruses and toroviruses. Other agents where the relationship to 
gastroenteritis remains unclear are the non-group F adenoviruses, coxsackie A 
and B viruses and the echoviruses (Atmar & Estes, 1997).
1.1.1.1 Human Caliciviruses
The human caliciviruses form two of four genera of the family Caliciviridae. They 
were originally designated Norwalk-like viruses (NLVs) and Sapporo-like viruses 
(SLVs) but have recently been re-designated Noroviruses and Sapoviruses. The 
remaining genera infect animals and are designated Vesiviruses (represented by 
rabbit hemorrhagic disease and European brown hare syndrome virus) and 
Lagoviruses (represented by swine vesicular exanthema virus and feline 
calicivirus). The caliciviruses take their name from the characteristic cup (calyx)- 
shaped depressions seen on the surface of the virus particles by negative-stain 
electron microscopy (figure 1.1). These depressions are not clearly visible on the 
noroviruses however their presence has been demonstrated by structural studies 
(Prasad et al, 1994). The caliciviruses are small non-enveloped icosahedral 
viruses that range in size from 27-35 nm. They contain a single-stranded positive 
sense RNA (ribonucleic acid) genome of 7.5 to 7.7 Kb surrounded by a capsid 
made up of a single structural protein of between 58 and 62 kDa.
Figure 1.1 Surface structures of the Caliciviruses
(A) (B)
(C)
Figure 1.1 (A) Electron micrograph of classical human caliciviruses showing
the typical ‘Star of David’ morphology. (8) Electron micrograph of Nonvalk virus 
showing amorphous structure with ragged outline. (C) Schematic representation 
of the Norwalk virus (Prasad et al, 1994).
10
The genome sequences of two noroviruses, Norwalk virus and Southampton 
virus, were first published in 1993 (Jiang et al, 1993; Lambden et at, 1993). Their 
genomes contain three open reading frames (ORFs) shown in figure 1.2. ORF 1 
encodes a large non-structural polyprotein containing sequences similar to the 
3D RNA-dependent RNA polymerase, 2C helicase and 3C protease of the 
picornaviruses. ORF 2 encodes the capsid protein and ORF 3 encodes a small 
basic protein of unknown significance (Lambden & Clarke, 1995; Clarke & 
Lambden, 1997; Hardy & Estes, 1996).
The genome of the sapoviruses is smaller than that of the noroviruses. The 
structural protein is encoded by ORF 1 and is contiguous with the non-structural 
proteins forming a polyprotein which occupies over 90% of the genome (Liu et al,
1995). A high degree of homology in the polymerase region has been found 
between the sapoviruses and the noroviruses indicating that these viruses are 
genetically related (Cubitt et al, 1994). The subsequent characterisation of the 
Sapporo calicivirus in 1997 (Numata et al, 1997) confirmed that the noroviruses 
and sapoviruses are distinct but related viruses.
Noroviruses
The X-ray crystallographic structure of the Nonwalk virus capsid was described by 
Prasad et al in 1999. The capsid consists of 180 molecules of capsid protein 
arranged in dimers. The capsid protein has two principal domains, a protruding 
(P) domain connected by a flexible hinge to a shell (S) domain. The S domain
11
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has a classical eight-stranded p-sandwich motif and is involved in formation of 
the shell, whereas the P domain forms the prominent protrusion emanating from 
the shell and is unlike any other viral protein. The P domain is made of two sub- 
domains, the P1 domain which is moderately well conserved and the P2 domain 
which contains a highly variable sequence and forms the most exposed region of 
the structure. The P2 domain is therefore most likely to contain the determinants 
of strain specificity and cell binding (Prasad et al, 1999).
Modern molecular methods have shown that the noroviruses are a genetically 
diverse group of viruses that can be classified into two main genogroups, based 
on genetic divergence in the polymerase region but also reflected in the capsid 
region (Ando etal, 1994; Green etal, 1993a; Green at al, 1994; Lew at al, 1994b; 
Norcott at al, 1994; Wang at al, 1994; Ando at al, 2000; Vinje at al, 2000). The 
original Norwalk virus is found in genogroup I along with Southampton virus 
(Lambden at al, 1993) and Desert Shield virus (Lew at al, 1994a). Genogroup II 
includes Snow Mountain virus (Hardy at al, 1997), Hawaii virus (Lew at al, 
1994b), Lordsdale virus (Dingle at al, 1995) and Grimsby virus. The nucleotide 
sequence similarity within each genogroup is -  75% and between genogroups is 
<60% (Green at al, 1993). Both genogroups are found world-wide but genogroup 
II has been found to be the most prevalent genogroup in recent years (Green at 
al, 1993; Maguire at al, 1999; Bon at al, 1999; Vinje & Koopmans, 1996; Schreier 
at al, 2000). A third genogroup, consisting of two bovine calicivirus strains (Jena 
virus and Newbury agent) has also recently been recognised (Ando at al, 2000).
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These viruses were found to be closely related to the genogroup I noroviruses 
(Dastjerdi et al, 1999; Liu at al, 1999) and it has been suggested that they may 
provide a reservoir for infecting humans (Koopmans at al, 2000).
Noroviruses are recognised as a major world-wide cause of epidemic 
gastroenteritis with greater than 95% of epidemics of acute non-bacterial 
gastroenteritis being attributable to these viruses (Hardy, 1999). They usually 
cause a mild and self-limiting disease with an incubation period of 24-48 hours 
and duration of illness of 12-48 hours. The main symptoms are nausea, 
vomiting, diarrhoea, abdominal cramps and mild fever however asymptomatic 
infections may also occur. Virus is shed in the vomitus as well as the faeces 
throughout the symptomatic period and for at least two days after recovery, this 
coupled with a low infectious dose (10-100 particles) results in an attack rate of 
about 50% (Koopmans at al, 2002). Noroviruses also show distinct seasonality 
with infection predominately occurring in the winter months (Mounts at al, 2000).
Early studies indicated that 50% of volunteers challenged with Norwalk virus 
acquired a short-term immunity to subsequent infection with the same strain, 
correlating with the development of serum and mucosal immune responses, 
however these individuals were susceptible again upon long-term re-challenge 
with the same strain. The remaining 50% of volunteers did not develop illness 
after initial challenge with the virus or subsequent re-challenge, these individuals 
maintained a low serum antibody which suggested that other protective
14
mechanisms were at work (Parrino et al, 1977). Recent studies have indicated 
that pre-existing antibody levels appear to correlate with an increased risk of 
infection (Graham at al, 1994). It has been suggested that these individuals are 
susceptible to infection with noroviruses, as the virus provokes an immune 
response that does not confer immunity, whereas individuals with no antibodies 
to norovirus may have a predisposed resistance to the virus (Parrino at al, 1977; 
Matsui & Greenberg, 2000).
Studies with recombinant Norwalk virus-like proteins (VLPs) produced using a 
baculovirus expression system have shown that these VLPs attach to histo-blood 
group antigens present on the gastroduodenal epithelial cells of secretor 
individuals (Marionneau at al, 2002). Oligosaccharide precursors are converted 
into H antigenic structures by fucosylation, a reaction catalysed by a 
fucosyltransferase, encoded by the FUT1 (H type) and FUT2 (sacrator type) 
genes in humans. The A and B blood group genes encode different 
glycosyltransferases which act on the H antigenic structures to give the A and B 
antigens resulting in A or B blood phenotype. If both A and B genes are present 
both antigenic structures are found resulting in the AB phenotype, if neither gene 
is present the site on the H antigen is left unsubstituted resulting in an O 
phenotype. Inactivating mutation of the FUT2 gene is responsible for the non- 
secretor phenotype, characterised by the absence of ABH antigens from saliva 
and most epithelial cells, and is found in -  20% of the population. By using 
specific monoclonal antibodies Marrionneau at al were able to show that the
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presence of H antigens on the duodenal epithelia from secretor individuals 
correlates with binding of recombinant VLPs (Marionneau et al, 2002). This 
suggests that non-secretor individuals are resistant to norovirus infection. 
Marionneau et al also made the observation that the presence of the A blood 
group antigen hinders binding of Norwalk VLPs (Marionneau et al, 2002). 
Similarly, it has also recently been reported that individuals with blood group B 
have a decreased risk of infection and are less likely to develop symptomatic 
illness than individuals with blood group O (Hutson et al, 2002). This suggests 
that individuals with blood group A, B or AB may present less binding sites to the 
virus than individuals with blood group O.
Norovirus infection does not confer long-term immunity therefore susceptibility to 
infection remains widespread with illness occurring in individuals of all ages. 
Many outbreaks have been reported in semi-enclosed settings such as schools 
(Kapikian at al, 1972), day-care centres (Dedman at al, 1998), universities 
(Brockman at al, 1995), hospitals (Chadwick & McCann, 1994; Dedman at al, 
1998; Schreier at al, 2000; Meakins at al, 2003), nursing homes (Jiang at al, 
1996; Dedman atal, 1998; Schreier at al, 2000) military units (Hyams at al, 1991; 
Lew at al, 1994a; Ahmad, 2002; McCarthy at al, 2000) and cruise ships (Ho at al, 
1989; Herwaldt at al, 1994; MMWR, 2002) where secondary person to person 
transmission is common. The high incidence of norovirus infection results in an 
increased burden on health care institutions and hospitals, causes high economic 
costs from lost productivity, and has an adverse impact on military operations.
16
There are currently no vaccines available to protect against norovirus infection. 
Recombinant Norwalk VLPs have been administered orally to healthy volunteers 
and have been shown to be safe and immunogenic (Ball et al, 1999). Similarly 
healthy volunteers fed transgenic potatoes expressing the Norwalk capsid protein 
also developed an immune response (Tacket at al, 2000). However in both 
cases the level of antibody increase was modest and not effective at preventing 
disease. As norovirus infection does not appear to provoke long-term immunity 
vaccinating the general population may not be efficacious or cost effective, 
however as short-term immunity is provoked by natural infection selected 
populations most at risk of infection, such as military troops or those at risk in 
nursing homes, may benefit from vaccination (McCarthy at al, 2000). The main 
challenge will be in developing a vaccine that is able to overcome the antigenic 
diversity of the noroviruses and protect individuals from the most important 
circulating strains.
Noroviruses are recognised world-wide as the most common cause of outbreaks 
of food-borne viral disease however due to the mildness of the disease many 
cases still go un reported. They are highly infective and secondary attack rates 
are often quite high, this has the effect of amplifying the original food-borne 
outbreak. Nearly 50% of reported gastroenteritis outbreaks in England and 
Wales (Dedman at al, 1998) are due to norovirus infection, similar to figures for 
the Netherlands (Vinje & Koopmans, 1996) and Sweden (Hedlund at al, 2000). 
In the US Noroviruses are the most common cause of outbreaks of acute
17
gastroenteritis (Glass et al, 2000). They are thought to be responsible for an 
estimated 23 million cases of viral gastroenteritis per year, more than 40% of 
which are food-borne (Hedberg & Osterholm, 1993; Cook, 2000; Koopmans etal, 
2002). Estimates from the study of Infectious Intestinal Disease (HD) in England 
and Wales suggest that viruses are the most common cause of HD in the 
community with noroviruses the most frequently reported. They estimate that 
there are 600,000 to 1 million cases of norovirus gastroenteritis each year and 
Noroviruses have been attributed to more then 90% of food-borne outbreaks of 
viral gastroenteritis where a virus has been identified (Food Standards Agency, 
2000). In Japan most cases of non-bacterial gastroenteritis have been attributed 
to norovirus infection and > 60% of outbreaks are caused by contaminated foods 
(Inouye et al, 2000). Therefore in terms of the number of infections caused 
noroviruses represent the most significant viral problem to the food industry.
Sapoviruses
Sapoviruses display typical calicivirus morphology with distinct cup-like 
depressions seen on the surface of the particles known as the ‘Star of David’ 
configuration when viewed by negative stain EM (Caul & Appleton, 1982). This 
morphology is also typical of the lagoviruses and the vesiviruses. Analysis of the 
sequence of the RNA polymerase region of the sapovirus genome has also 
revealed that the sapoviruses are genetically more closely related to the animal 
caliciviruses than to the noroviruses (Matson etal, 1995; Liu etal, 1995).
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Sapoviruses are found world-wide and cause sporadic infantile gastroenteritis 
(O'Ryan et al, 2000). They are predominately pathogens of young children (6 
months to 5 years) although infection is occasionally seen in older children and 
adults with outbreaks occurring in institutional settings. The incubation period is 
1-3 days with illness, diarrhoea and vomiting, lasting 4 days. Studies suggest 
that sapoviruses are a minor cause of clinically significant disease (Caul, 1996; 
Clarke et al, 1998). Infection appears to confer life-long immunity therefore food- 
borne outbreaks are rare (Caul, 1996).
1.1.1.2 Astrovirus
Astroviruses are small, non-enveloped icosahedral particles, 28-30 nm in size, 
with a clear outer margin and triangular surface hollows. They take their name 
from the 5 or 6-pointed star-like configuration seen on the surface of some of the 
particles when viewed by negative-stain EM (Caul & Appleton, 1982). 
Astroviruses have a positive sense single-stranded RNA genome, of -  6.8 kb, 
and form the only genus in the family Astroviridae (Monroe et al, 1993). The 
astrovirus genome comprises 3 ORFs, ORF la  and 1b encode non-structural 
proteins and ORF 2 encodes a structural protein. Seven serotypes are currently 
recognised as infecting humans with serotype 1 being the most prevalent world­
wide (Jonassen etal, 1995).
Astrovirus infection occurs world-wide and is associated with both epidemic 
gastroenteritis and endemic childhood diarrhoea (Herrmann et al, 1991). It
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occurs throughout the year with a peak incidence in the winter months (Caul,
1996). Astroviruses have an incubation period of 2-4 days with illness usually 
lasting 2-3 days, although prolonged illness lasting 7-14 days can also occur 
(Caul, 1996). The disease is characterised by watery diarrhoea, vomiting, fever, 
and abdominal pain and is usually mild and self-limiting, however prolonged 
lactose intolerance and deaths associated with astrovirus infection have been 
reported (Matsui et al, 1994). Infection with astrovirus appears to confer long­
term immunity with Illness generally occurring in young children not previously 
exposed to astrovirus infection and in the elderly where antibody levels are 
declining (Gray et al, 1987). Outbreaks of food-borne viral gastroenteritis caused 
by astroviruses appear to be rare, however a food-borne outbreak of astrovirus 
gastroenteritis involving nearly 5000 people in Osaka, Japan has previously been 
reported (Oishi etal, 1994).
1.1.1.3 Rotavirus
Rotaviruses are members of the family Reoviridae. They are non-enveloped 70- 
85 nm icosahedral particles containing a segmented double-stranded RNA 
genome encoding 6 structural and 5 non-structural proteins. The genome is 
enclosed by a double-shelled capsid giving rise to a characteristic wheel shape 
when viewed by negative-stain EM. The outer capsid layer is frequently missing 
from particles viewed in the stools of infected individuals, however only the 
complete double-shelled particle has been found to be infective (Bishop, 1996). 
Rotaviruses are divided serologically into six distinct groups, A-F. Humans are
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predominantly infected by group A rotaviruses however group B and C 
rotaviruses also infect man. Rotaviruses from groups D, E and F infect animals 
(Bishop, 1996).
Rotaviruses cause endemic and epidemic gastroenteritis and are the single most 
important world-wide cause of severe diarrhoea in children. They are 
responsible for 140 million cases of viral gastroenteritis each year resulting In 
nearly one million deaths (LeBaron et al, 1990). Rotavirus infection has an 
incubation period of 2 days followed by 3-8 days watery diarrhoea with vomiting 
and rapid dehydration, abdominal pain and fever are also commonly reported. 
Outbreaks of rotaviral diarrhoea are frequently reported in neonatal units and 
day-care settings as infection primarily occurs in infants between 3 and 15 
months old with considerable morbidity also seen in children in their second year 
of life (Kapikian & Chanock, 1996).
Rotaviruses are highly infectious with as few as 10 virus particles initiating 
infection, during an infection approximately one trillion virus particles per millilitre 
of stool are shed (Ward et al, 1986). Severe diarrhoea in young children may 
also be followed by an extended period of excretion of up to 57 days causing an 
increased risk of transmission to others (Richardson et al, 1998). Severe 
rotaviral illness is rarely seen in children above the age of three due to protective 
immunity gained from previous exposure (Bishop, 1996).
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Rotaviruses usually cause self-limiting infections resulting in long-term immunity 
to severe gastroenteritis (Bishop et al, 1983) however acute gastroenteritis 
associated with rotavirus infection has been reported in adults (Echeverria at al, 
1983; del Refugio Gonzalez-Losa at al, 2001) and has been reported to be quite 
common in aged-care facilities with occasional fatalities (Marshall at al, 2003). 
Asymptomatic and milder rotavirus infections can continue to occur throughout 
life providing a silent reservoir for infecting others (Hart & Cunliffe, 1997). Like 
the other enteric viruses rotavirus infection appears to be seasonal with illness 
generally occurring in the winter months.
Rotaviral diarrhoea occurs with high frequency in both developed and developing 
countries, however mortality is low in developed countries due to effective 
rehydration therapy whereas in developing countries rotaviruses are a leading 
cause of life-threatening diarrhoea in children (Kapikian & Chanock, 1996). A 
safe and effective rotavirus vaccine has been licensed by the US Food and Drug 
Administration (FDA). The vaccine will be given orally to infants at 2, 4 and 6 
months of age and is expected to cause a significant decrease in morbidity and 
mortality from infection with rotavirus (Offit, 1998).
Rotaviruses have been implicated in food-borne outbreaks of viral gastroenteritis 
in Japan and the US (Oliver, 1997) and are often suspected in foodborne 
outbreaks of viral gastroenteritis in Australia (Fleet at al, 2000), however the
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burden of illness is so great that food-borne outbreaks would not be easily 
recognised and are therefore likely to occur world-wide.
1.1.1.4 Adenovirus
Adenoviruses are non-enveloped 80 nm icosahedral particles with a double­
stranded DMA (deoxyribonucleic acid) genome. Characteristic spike-like 
projections can be seen on the surface of some of the particles. There are at 
least 49 different serotypes of human adenovirus in the family Adenoviridae 
classified into six sub-genera. The enteric adenoviruses 40 and 41 are the only 
members of subgenus F and differ from all other human adenoviruses by being 
fastidious and are difficult to culture (Russell, 1998).
Adenovirus infection has an incubation period of 3 to 10 days before symptoms, 
consisting of watery diarrhoea and vomiting lasting 9 to 12 days are observed, 
although asymptomatic infections may also occur. During infection large 
numbers of virus particles (10^^  virus particles/g faeces) are shed. Adenovirus 
40 and 41 are usually associated with infantile gastroenteritis and in one study 
have been found to be second only to rotavirus as a cause of diarrhoea in 
children (Uhnoo et al, 1984). Older children and adults may also be infected, 
with or without symptoms however long-term immunity is thought to be acquired 
during childhood infection (Horwitz, 1996). There have been no reported food- 
borne outbreaks of viral gastroenteritis due to adenovirus infection.
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1,1.2 Viral Hepatitis
Two viruses are responsible for enteric infection with hepatitis, hepatitis A virus 
(HAV) and Hepatitis E virus (HEV). Like most other enteric viruses HAV and 
HEV are small 27-32 nm non-enveloped icosahedral viruses containing a single­
stranded positive sense RNA genome of -7.5 kb in length. Both viruses cause 
clinically indistinguishable illnesses in man but have a number of distinguishing 
features resulting in their classification within different families.
1.1.2.1 Hepatitis A virus (HAV)
HAV is one of the most common causes of infectious jaundice in the world today. 
It was first visualised by lEM in 1973 as a smooth featureless virus (Feinstone et 
al, 1973) and has since been formally classified as enterovirus 72, the only 
hepatovirus in the family Picornaviridae. The HAV genome contains a single 
ORF encoding a large polyprotein which is cleaved to form 3-4 structural and 7 
non-structural proteins (Robertson & Lemon, 1998). There are 7 distinct HAV 
genotypes, with genotypes I, II and VII infecting humans, genotype III infecting 
humans and monkeys, and the remaining genotypes representing single strains 
isolated from non-human primates (Robertson & Lemon, 1998).
HAV causes an acute, self-limiting infection with an incubation period of 15-50 
days and illness lasting an average of 6 weeks. Viral shedding occurs during the 
incubation period and continues for several weeks after the onset of symptoms. 
The host immune response to the infection causes destruction of the infected 
hepatocytes by cytotoxic T cells resulting in liver damage and symptoms
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including anorexia, fever, malaise, nausea and vomiting, before the abrupt onset 
of jaundice. Patients presenting with anicteric hepatitis develop clinical 
symptoms but do not develop jaundice whereas those with icteric hepatitis 
develop dark 'coca-cola' like urine due to bilirubinuria followed by jaundice which 
occurs approximately 10 days after the onset of the initial symptoms (Hollinger & 
Ticehurst, 1996; Robertson & Lemon, 1998; Cuthbert, 2001).
Patients usually recover completely with lifelong protection against reinfection 
however occasionally more extensive liver damage occurs. Fulminant hepatitis is 
characterised by the sudden onset of high fever, abdominal pain and jaundice 
followed by seizures and deep coma. Mortality of patients with fulminant 
hepatitis correlates strongly with increasing age and survival is uncommon in 
patients over the age of 45 years (Hollinger & Ticehurst, 1996). Some patients 
(3-20%) may develop a relapsing hepatitis with a recrudescence of the disease 
occurring 4-15 weeks after the initial symptoms have resolved, or a cholestatic 
hepatitis characterised by persistant jaundice (Hollinger & Ticehurst, 1996; 
Ciocca, 2000; Cuthbert, 2001). Asymptomatic or subclinical infections may also 
occur; these are recognised by detecting alterations in levels of the liver-derived 
enzymes.
HAV infection can be sporadic, endemic or epidemic (Cuthbert, 2001). It causes 
an estimated 1.4 million cases of hepatitis world-wide each year (Hollinger & 
Ticehurst, 1996). In developing countries, where sanitation is poor, hepatitis is
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more likely to be endemic with infection occurring in children resulting in 
asymptomatic or mild disease and life-long immunity. In developed countries 
improved sanitation has resulted in a decrease in the incidence of infection by 
HAV resulting in a decline in the prevalence of antibody to HAV in the population. 
This has lead to an increase in the susceptibility of the population to HAV 
infection and the potential for large scale outbreaks of disease (Melnick, 1995; 
Hollinger & Ticehurst, 1996; Cuthbert, 2001). Infection in older children and 
adults is more likely to cause symptomatic disease and result in fulminant 
hepatitis and liver failure (Melnick, 1995). An inactivated hepatitis A vaccine is 
widely available and is commonly administered to individuals in the UK travelling 
to countries where hepatitis A is endemic.
In the UK incidents of food-borne hepatitis A are uncommon. However in the US 
there are an estimated 263,000 cases of hepatitis A each year, approximately 
50% of these may be attributable to foodborne transmission (Fiore, 2004). It is 
the only food-borne viral disease for which official reporting is mandatory. 
Hepatitis A is most often associated with the consumption of raw or partially 
cooked shellfish (Halliday et al, 1991; Desenclos et al, 1991) however outbreaks 
involving soft fruits (Reid & Robinson, 1987; Niu et al, 1992; Hutin et al, 1999) 
and salads (Pebody etal, 1998; Rosenblum et al, 1990) have also been reported. 
Hepatitis A is therefore the most important food-borne viral disease with regard to 
severity of illness.
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1.1.2.2 Hepatitis E virus (HEV)
HEV was first recognised in 1980 when specific tests using antibody to HAV were 
used to study an epidemic of water-borne hepatitis in India (Wong et al, 1980). It 
was discovered that the outbreaks were not caused by HAV as previously 
assumed but by an agent referred to as epidemic non-A, non-B (ENANB) 
hepatitis. The genome of ENANB hepatitis virus has since been cloned and 
sequenced (Reyes et al, 1990; Tam et al, 1991) and the virus renamed hepatitis 
E virus.
HEV has previously been classified in the Caliciviridae due to the cup-like 
depressions seen on the surface of some of the particles, however molecular 
analysis has indicated that HEV is phylogenetically distinct and it has since been 
removed from the Caliciviridae (Green et al, 2000). HEV is related to the alpha- 
virus super family of RNA viruses but at present is classified as a separate 
Hepatitis E-like virus genus (Worm et al, 2002). HEV strains comprise a single 
serotype of antigenically related viruses forming distinct genetic clusters. The 
HEV genome contains three separate ORFs. ORF 1 encodes the non-structural 
proteins, 0RF2 encodes the capsid protein and ORF 3 overlaps ORFs 1 and 2 
and encodes a small protein of unknown function but significant antigenicity 
(Purcell, 1996; Emerson & Purcell, 2001).
HEV infection usually causes an acute, self-limiting disease presenting with the 
same symptoms as HAV infection however infection with HEV is, on average, 
more severe than HAV infection and has a 20% mortality rate in women infected
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during the third trimester of pregnancy (Purcell, 1996). HEV rarely occurs in 
Europe or the US with reported cases usually occurring in travellers who have 
recently visited developing countries where HEV is endemic (Asia, the Middle 
East, Northern and western Africa and Mexico). Outbreaks and sporadic cases 
commonly occur in young adults in developing countries and are frequently 
associated with contaminated drinking water (Purcell, 1996; Worm et al, 2002). It 
has been suggested that some animals, such as swine, may act as reservoirs of 
HEV as swine and human HEV strains from a particular geographic region 
appear to be closely related genetically (Meng et al, 1997; Pina et al, 2000). A 
recombinant vaccine to protect against HEV infection is currently under-going 
clinical trials (Emerson & Purcell, 2001).
1,1.3 Viral Pathogenesis
Infection by enteric viruses causing gastroenteritis occurs in the gastroentestinal 
tract after ingestion of virus particles. Noroviruses and rotaviruses infect the 
mature enterocytes in the villus tips of the proximal small intestine (Schreiber et 
al, 1973, 1974; Hart & Cunliffe, 1997) whereas astroviruses infect the mucosal 
epithelium of the lower parts of the villi in the duodenum (Phillips et al, 1982). 
Infection is initiated by interaction of the virus particles with receptors on the 
surface of the host cells. The virus then enters the enterocyte by endocytosis or 
by direct penetration of the cell membrane. Once inside the host cell the viral 
RNA is replicated and translated into virus-specific proteins. Progeny virus 
particles assemble and leave the cells via blebbing of the cell surface membrane
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or via lysis resulting in enterocyte death. Virus particles pass into the intestinal 
lumen and are shed with the faeces.
Biopsies taken from volunteers infected with Norwalk virus have revealed a 
histopathological lesion of the mucosa of the proximal small intestine (Schreiber 
et al, 1973). This lesion is seen a few hours before clinical illness, can occur in 
asymptomatic individuals and persists until 4 days after illness. Villus blunting, 
mucosal inflammation and mild crypt cell hyperplasia were also observed, 
however biopsies taken six to eight weeks after infection showed that the mucosa 
had returned to normal (Schreiber etal, 1973). Loss of the mature enterocytes of 
the villi leads to a decrease in the level of small intestinal enzymes, resulting in 
malabsorption of D-xylose, lactose and fat, causing osmotic diarrhoea (Schreiber 
et al, 1973). Although gastric secretions are not altered during Norwalk virus 
infection, gastric emptying appears to be delayed causing nausea and vomiting 
(Meeroff ef a/, 1980).
Evidence of a potential viral enterotoxin, NSP4, has been found during rotavirus 
infection. The main role of NSP4 is to target newly synthesised double-shelled 
particles to the endoplasmic reticulum (ER) for release as mature particles via 
membrane destabilisation (Tian et al, 1996). NSP4 activates a phospholipase C- 
mediated pathway which alters the permeability of the ER membrane causing a 
rise in intracellular calcium to cytotoxic levels (Tian et al, 1996; Matsui & Angel, 
1997; Hart & Cunliffe, 1997). The alteration of enterocyte calcium flux activates
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the enteric nerves which control intestinal movement, fluid absorption and 
secretion, resulting in diarrhoea (Lundgren et al, 2000). NSP4 has also recently 
been found to have an inhibitory effect on the sodium-glucose symporter of the 
intestinal brush border membrane; this implies a concomitant inhibition of water 
re-absorption (Halaihel et al, 2000).
Viral gastroenteritis is generally a short self-limiting illness with no long-term 
damage to the small intestine, the main risk to health being caused by 
dehydration and electrolyte imbalance. Individuals usually respond well to oral 
rehydration therapy (ORT) but hospitalisation and treatment with intravenous 
fluids may be required for individuals with severe dehydration. Lack of access to 
basic medical care is therefore a principal risk factor for death from viral 
gastroenteritis.
Like other enteric viruses HAV and HEV enter the gastrointestinal tract after 
ingestion, however infection does not occur in the small intestine. Instead the 
virus is transported to the liver via the portal vein where it replicates in the 
hepatocytes and is released into the bile and blood. HAV does not kill the cells it 
infects but infection does result in an immune response that leads to destruction 
of the infected hepatocytes by cytotoxic T cells causing liver damage and 
abnormal elevation of the liver-derived enzymes, alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), y-glutamyl transpeptidase (GGT), as well as 
increased levels of serum bilirubin (Robertson & Lemon, 1998). This accounts
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for the long incubation period of the virus before the onset of recognisable 
symptoms. Liver biopsies from patients with hepatitis E show non-specific 
inflammatory changes, or canalicular bile stasis with hepatocytes arranged 
around distended bile canaliculi, however the significance of the host immune 
response to HEV infection is currently unknown (Worm et al, 2002). Progeny 
virus particles are shed into the intestinal lumen via the common bile duct where 
they reach levels of above 10® particles per gram of faeces before the onset of 
illness. There are no specific treatments for hepatitis therefore recovery relies on 
medical support for liver damage and may result in liver transplant.
1,2 FOODS AS A VEHICLE FOR VIRUS TRANSMISSION
The enteric viruses infect at low doses therefore even very limited contamination
of foods can cause illness. They are resistant to a wide variety of food storage 
and processing conditions and can persist in contaminated foods for long periods 
of time (Leggitt & Jaykus, 2000). They are likely to persist for weeks in or on 
refrigerated foods and indefinitely in or on frozen foods (Oliver, 1997). HAV and 
Noroviruses are resistant to drying, detergents, and are known to survive on food 
preparation areas (Patterson et al, 1997; Taku et al, 2002). HAV and 
Noroviruses are extremely stable in the environment particularly when associated 
with organic matter (Hollinger & Ticehurst, 1996). Studies in human volunteers 
indicate that the levels of chlorine found in drinking water (approximately 1-2mg/l) 
inactivate HAV (Peterson et al, 1983; Grabow et al, 1983) but were found to only 
partially inactivate Noroviruses (Keswick et al, 1985). It has been suggested that
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the viral inoculant in this case was most likely aggregated and associated with 
cell debris or other organic matter thus shielding the virus from disinfectant 
exposure (Thurston-Enriquez et al, 2003). Noroviruses resist inactivation by 
cooking for 30 minutes at 60°C (Kapikian et al, 1996) and cooking for at least 2 
minutes at 100°C is recommended to completely inactivate HAV (Croci et al, 
1999). The types of foods most often associated with viral disease are therefore 
those eaten raw or lightly cooked and are minimally processed.
Bivalve mulluscan shellfish are the most frequently reported vehicle of viral 
transmission however fruits, vegetables and salad foods are also commonly 
implicated. These foods do not usually contain preservatives or anti-microbial 
agents and rarely undergo heating prior to consumption. Primary contamination 
of shellfish occurs during growth in faecally contaminated water. Salad crops, 
vegetables and fruits may be contaminated in the field by irrigation with faecally 
contaminated water or by the use of sewage sludge as a fertiliser. Secondary 
contamination occurs when raw or ready prepared cold foods are contaminated 
with enteric viruses by infected food-handlers (Appleton, 1990). The various 
routes of transmission of these viruses are shown in figure 1.3.
1.2.1 Shellfish
Bivalve molluscs such as oysters, mussels, cockles and clams have long been 
associated with outbreaks of viral disease (Lees, 2000). They are static animals 
commonly found in shallow inshore waters and estuaries where nutrient levels
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Figure 1.3 Transmission of food-borne virai Gastroenteritis
and Hepatitis
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Figure 1.3 A schematic diagram showing common routes of transmission of 
the enteric viruses.
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are high and waters are sheltered. It is these areas that are often used for 
sewage disposal, however sewage treatment is ineffective at removing viruses 
which adsorb to particulate matter and can survive for weeks in the environment. 
Shellfish growing in sewage contaminated waters take in virus particles by ionic 
bonding of particulate matter to mucus secreted and ingested during filter feeding 
(DiGirolamo et al, 1977). The viruses become retained and concentrated in the 
digestive tract of the shellfish and may be sequestered into the haemolymph and 
tissues protecting them from elimination (Richards, 1988; Romalde at al, 1994; 
Schwab at al, 1998). Shellfish are usually eaten whole with their digestive tract 
intact therefore shellfish grown in sewage contaminated waters and eaten raw 
pose a serious risk of infection to consumers (Lees, 2000).
The first reported association of viral gastroenteritis with shellfish consumption 
occurred in the UK in 1976 when nearly 800 cases of viral gastroenteritis were 
linked to the consumption of cooked cockles (Appleton, & Pereira, 1977). Soon 
after this a large outbreak of viral gastroenteritis was reported in Australia 
involving 2000 individuals who had eaten raw oysters (Murphy at al, 1979). 
Shellfish associated norovirus outbreaks have since been well documented (table 
1.1), with the main vehicles of transmission being oysters and clams (Gill at al, 
1983; Richards at al, 1985; Morse at al, 1986; MMWR, 1993; Pontefract at al, 
1993; Chalmers & McMillan, 1995; Kohn at al, 1995; LeGuyader at al, 1996b; 
MMWR, 1997a; Wallace at al, 1999; Berg at al, 2000; Inouye at al, 2000). In a 
large multi-state outbreak of gastroenteritis in the US oysters were harvested by
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Table 1.1 Reported outbreaks of shellfish-associated viral
gastroenteritis
Year No. of cases Shellfish Country Reference
1976 797 cockles UK Appleton & Pereira, 1977
1978 2000 oysters Australia Murphy ef al, 1979
1980-
1994
425
10
clams
oysters
US Wallace et al, 1999
1982 472 oysters US Richards etal, 1985
1982 813 clams US Morse ef a/, 1986
1982 204 oysters US Morse et al, 1986
1983 181 oysters UK Gill etal, 1983
1983 2000 clams US Richards etal, 1985
1991 200 oysters Canada Pontefract et al, 1993
1993 180 oysters US MMWR 1993; Kohn et al, 
1995
1993 15 oysters UK Chalmers & McMillan, 1995
1993 190 oysters US Berg et al, 2000
1996 75 oysters US Berg et al, 2000
1996 153 oysters US Berg et al, 2000
1996-
1997
493 oysters US MMWR 1997
97-98 57 outbreaks oysters Japan Inouye et al, 2000
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a single boat from an oyster bed known to be free of sewage. Contamination 
was linked to a single harvester who experienced gastroenteritis just prior to 
harvesting and disposed of faecal material overboard (Kohn et al, 1995). 
Rotavirus has been detected in shellfish during a small market survey (Hafliger et 
al, 1997) however few shellfish associated outbreaks of viral gastroenteritis have 
been linked to rotavirus or astroviruses, presumably due to long-term immunity 
gained after childhood infection.
The first reported outbreak of viral hepatitis associated with the consumption of 
raw shellfish occurred in Sweden in 1955 (Roos, 1956). Since then outbreaks of 
HAV associated with the consumption of shellfish have been reported all over the 
world including Europe (Malfait et al, 1996), Australia (Fleet et al, 2000) and the 
US (Richards, 1985; Desenclos etal, 1991). An outbreak in Puglia, Italy resulted 
in 5889 cases of viral hepatitis caused by the consumption of contaminated 
shellfish and secondary person to person transmission (Malfait et al, 1996). 
However, the largest reported outbreak of food-borne HAV infection occurred in 
Shanghai in 1988 when 292,301 people were infected after consumption of 
contaminated clams. Only a few of these cases were associated with secondary 
person to person spread (Halliday et al, 1991).
The cultivation of shellfish is a major world-wide industry and most countries 
have developed sanitary control measures in order to minimise the public health 
risk from eating contaminated shellfish. Heat treatment can only be used on
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shellfish such as cockles that are not sold live. A continuous flow process is 
used which ensures that the shellfish reach the desired temperature without 
being over-cooked (Lees, 2000). Alternatively, the natural filter-feeding activities 
of the shellfish can be extended in clean water to purge contamination, this 
occurs in clean water tanks (depuration) or in the natural environment (relaying).
Depuration of shellfish is usually carried out for 48 hours. Shellfish are placed in 
tanks with disinfected water which is changed in batches, flushed through 
continually, or recycled through a steriliser (Richards, 1988). Depuration is 
carried out world-wide and has resulted in a significant decrease in the incidence 
of bacterial infections associated with shellfish consumption however outbreaks 
of viral disease continue to occur (Gill et al, 1983; Chalmers & McMillan, 1995; 
Abad et al, 1997). Relaying is less extensively carried out due to a lack of clean 
waters and economic considerations (Richards, 1988). Legislative standards are 
based on bacterial indicators (table 1.2). These are effectively removed during 
depuration and are therefore a poor indicator of the presence of human enteric 
viruses which depurate more slowly and are therefore more likely to persist in the 
shellfish (Mesquita et al, 1991; Dore & Lees, 1995; Schwab et al, 1998). There 
are currently no standards for viral contamination.
Viruses have been found to survive better in the marine environment and are less 
likely to be removed during depuration or relaying than bacteria (Dore & Lees, 
1995; Lees, 2000; Schwab et al, 1998). Therefore a number of alternative
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Table 1.2 Legislative standards for live shellfish (EU Directive
91/492/EEC)
Shellfish treatment Microbiological 
Std/ 100ml water
EU Classification 
US Classification
Microbiological 
S td/10Og shellfish
None GM <14 FCs and 
90% <43 FCs
Category A 
Approved
<230 E. coli or 
<300 FCs
Depuration/ 
relaying >48 hours
GM <88 FCs and 
90% <260 FCs
Category B 
Restricted
90% <4600 E. coli 
90% <6000 FCs
Protected relaying 
>2 months
Above levels 
exceeded
Category C <60 000 FCs
Harvesting
prohibited
Above levels 
exceeded
Category D Above levels 
exceeded
FCs: Faecal coliforms; GM: Geometric mean; 90%; 90%-ile compliance 
(Lees, 2000)
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indicators of viral contamination have been suggested. These include male 
specific RNA (F+) bacteriophage and the bacteriophage of the obligate anaerobe 
Bacteroides fragilis. The male specific bacteriophages occur in high densities in 
sewage polluted waters and share several morphological and biochemical 
similarities with some of the human enteric viruses and, like the human enteric 
viruses, are unable to replicate in mulluscan shellfish (Burkhardt et al, 1992). 
They have been highly correlated with virus concentrations in fresh water 
(Havelaar et al, 1993) and have been found to be a better indicator of viral 
contamination of shellfish then E. coli for monitoring oyster harvesting areas and 
treatment processes (Dore et al, 2000). The probability of detecting human 
viruses in shellfish has also been found to increase when phages of B. fragilis are 
found (Muniain-Mujika et al, 2003). Therefore these bacteriophages may provide 
a useful indicator of the presence of human enteric viruses in shellfish however 
there is a need to distinguish between human and animal strains. Human 
adenoviruses have been detected in all shellfish samples positive for enterovirus 
and HAV. They are prevalent in sewage effluents and are easily detectable by 
PCR and have also been suggested as a useful molecular index of viral 
contamination of human origin in shellfish (Muniain-Mujika et al, 2003).
1.2.2 Salad Crops, Vegetables and Fruits
Salad crops, vegetables and fruits are frequently implicated in outbreaks of viral 
disease (Appleton et al, 1988). Agricultural irrigation with waste-water is 
practiced extensively in many countries due to water shortages (Katzenelson et
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al, 1976) and the application of sewage sludge to fields as a fertiliser or soil 
conditioner also occurs (Tierney et al, 1977). Enteric viruses have been detected 
in water used for crop irrigation and are known to be present in sewage sludge. 
They have been recovered from a variety of salad crops, including lettuce, 
cucumber, celery, radishes and carrots irrigated with seeded waste-water and 
have been found to remain active long enough to provide a risk to consumers 
(Sadovski ef al, 1978; Badawy ef al, 1985b; Ward ef al, 1982; Ward & Irving, 
1987). Enteric viruses have also been found to remain active on lettuces and 
radishes planted in effluent flooded fields (Tierney ef al, 1977) and have been 
found to survive on a variety of fresh fruits and vegetables under common 
storage conditions (Kurdziel ef al, 2000).
Enteric viruses are more resistant to inactivation then most enteric bacteria and 
are known to adsorb to soils after application of waste-water (Meschke & Sobsey, 
1998). Penetration of viruses through the roots and translocation to the aerial 
parts of plants has been found to occur after damage to the roots and exposure 
to high levels (lO^pfu/ml) of viral contamination (Ward & Mahler, 1982; 
Katzenelson & Mills, 1984). The roots of plants are constantly abraded during 
growth therefore there is a danger of penetration and translocation of mammalian 
viruses into salad crops and vegetables. Recent studies have shown that 
Escherichia coli 0157:H7 can be internalized in apples after immersion in water 
containing 10  ^colony forming units (CFU)/ml of pathogen (Buchanan et al, 1999; 
Burnett et al, 2000). Similar studies using manure contaminated with 10"^  CFU/g
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and irrigation water contaminated with 10  ^CFU/ml E. coli 0157:H7 have shown 
the pathogen can enter lettuce plants via the root system and become 
internalised in the edible portion of the plant (Solomon et al, 2002). If bacteria 
can become internalised into lettuce and fruits in this way than it is likely that 
viruses can be too.
During 1993-97 there were 9 outbreaks of foodborne viral gastroenteritis 
attributed to noroviruses in the US resulting in 1233 cases (MMWR, 2000a). One 
outbreak was caused by contaminated vegetables and 1 outbreak caused by 
contaminated salad. During 1992-94 there were 41 outbreaks of foodborne viral 
gastroenteritis in England and Wales. Suspected vehicles of transmission 
included: carrots, green salad, melon and papaya cocktail, peach and raspberry 
gateaux, raspberry syllabub, sandwiches, vegetable soup and watercress (Luthi 
et al, 1996). A large outbreak of norovirus gastroenteritis has been associated 
with celery washed in non-potable water (Warner et al, 1991) and outbreaks have 
also been associated with the consumption of contaminated drinking water 
(Taylor et al, 1981; Hafliger et al, 2000). An outbreak of viral gastroenteritis 
associated with the consumption of contaminated raspberries has been reported 
in Finland (Ponka et al, 1999) and an outbreak of norovirus gastroenteritis has 
also been associated with the consumption of salad (Griffin et al, 1982). It has 
been suggested that lettuce may provide a vehicle for the transmission of 
rotavirus after market lettuce thought to be irrigated with faecally contaminated 
water was found to be contaminated with rotavirus (Hernandez et al, 1997).
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Salad sandwiches have also been associated with an outbreak of group A 
rotavirus gastroenteritis at an American university (MMWR, 2000b).
During 1993-97 there were 23 outbreaks of food-borne HAV infection in the US 
resulting in 729 cases. Two outbreaks were traced to contaminated fruits and 
vegetables and one was traced to contaminated salad (MMWR, 2000a). Multi­
state outbreaks of hepatitis A have been associated with frozen strawberries (Niu 
et al, 1992; Hutin et al, 1999) and an outbreak of HAV associated with 
strawberries in which 153 people were affected was reported in Michigan in 1997 
(MMWR, 1997b). In the UK two outbreaks of HAV resulting from the 
consumption of contaminated raspberries have been reported (Reid & Robinson, 
1987; Appleton ef al, 1988). HAV infections have also been associated with the 
consumption of contaminated salad (Pebody ef al, 1998) and green onions 
(Dentinger ef al, 2001). HAV was detected in lettuce from Costa Rica 
(Hernandez etal, 1997) and in commercially distributed lettuce (Rosenblum etal, 
1990) and in both cases it was suggested that the lettuce was contaminated by 
sewage contaminated water used to irrigate crops.
The investigation of outbreaks of viral disease associated with the consumption 
of salad crops, vegetables and fruit is difficult as they tend to be diffuse with a low 
attack rate. Many consumers may not associate the consumption of salad, 
vegetables and fruits with illness as they are perceived as a ‘healthy’ food. If 
implicated the source of contamination is often difficult to trace due to the short
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shelf-life and rapid turnover of these foods, as well as the number of different 
transfers between growers, packers, shippers and suppliers. In order to minimise 
the risk of contamination of salad crops, vegetables and fruits with enteric viruses 
the application of untreated sewage sludge to agricultural land has been banned 
in the UK. Treated sewage sludge may be used but harvesting of salad crops is 
not permitted for 30 months and vegetables can not be harvested for 12 months, 
however fresh produce may be imported from countries where untreated sewage 
sludge and waste-water are still used (Seymour & Appleton, 2001).
Vigorous washing with clean potable water can reduce the number of micro­
organisms by 10 -100 fold and has been found to be as effective as treatment 
with 100 mg/l chlorine, the food industry standard. The use of chlorine has been 
banned for the treatment of organically grown produce in the UK requiring 
organic food producers to find alternative methods of decontamination (Seymour 
& Appleton, 2001). Although HAV and Noroviruses have been found to be 
inactivated by levels of chlorine found in drinking water (Peterson et al, 1983; 
Grabow et al, 1983; Thurston-Enriquez et al, 2003) the vigorous washing of salad 
crops, vegetables and fruit offers no protection from internalised viruses or 
viruses attached to internal structures and crevices in the plants.
1.2.3 Food Handlers
Many outbreaks of viral gastroenteritis implicating food-handlers as the source of 
infection have been reported (Hedberg & Osterholm, 1993; Patterson et al, 1993;
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Reid et al, 1988; Luthi et al, 1996; Daniels et al, 2000). Enteric viruses are shed 
in the vomitus and faeces of symptomatic individuals therefore foods that are 
eaten raw or prepared cold and require the most handling are the most at risk of 
contamination by an infected handler. Salads, sandwiches, fresh fruits and other 
cold foods have all been implicated in outbreaks of viral gastroenteritis where a 
food-handier has been traced as the source of infection.
Food-borne outbreaks have also been associated with asymptomatic individuals 
who later became ill after handling the food implicated in the outbreak (Griffin et 
al, 1982). It is not clear how these individuals contaminate the foods although it 
is likely to be caused by unhygienic practices carried out by asymptomatic 
individuals shedding the virus before the onset of recognisable disease. 
However it may also be possible that the foods have already been contaminated 
at source and that subsequent handling results in infection of the food-handier. 
Food handlers are often implicated as the source of food-borne outbreaks of HAV 
(Bidawid et al, 2000a). This is likely to occur as infected individuals excrete high 
levels of virus prior to the onset of symptoms; the food-handier is therefore often 
unaware of the infection and will continue to work.
Control of infection by food-handlers relies on exclusion of symptomatic food- 
handlers for at least 48 hours post recovery, attention to good hygienic practice 
including regular hand washing or wearing gloves, cleaning of food preparation 
surfaces with chlorine-based compounds, and separation of raw and cooked
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foods. Vaccination of food handlers against HAV has been implemented in the 
US. However it has not been found to be cost effective and therefore the routine 
vaccination of food-handlers is not recommended (Meltzer etal, 2001).
1.3 DETECTION OF ENTERIC VIRUSES
Enteric viruses have been detected in faecal material using cell culture, electron 
microscopy, immunoassay and more recently using molecular methods such as 
the polymerase chain reaction (PCR).
1.3.1 Cell Culture
Cell culture is used to isolate infectious viruses by plaque assay on susceptible 
cell culture monolayers or by producing a cytopathic effect (CPE) in liquid culture. 
To date attempts to isolate noroviruses and other human caliciviruses by cell 
culture have failed. Astroviruses have been serially passaged in primary human 
embryonic kidney (HEK) cells and a continuous line of rhesus monkey epithelial 
cells (LLCMK2) but require trypsin to produce infectious progeny viruses (Lee & 
Kurtz, 1981). Astroviruses have also been propagated in human colonic 
carcinoma cells (CaCo-2) in the presence of trypsin resulting in greater virus 
yields (Willcocks et al, 1990). Human rotaviruses can be cultured by pre­
treatment of the virus with trypsin before growth in simian MAI 04 cells (Kapikian 
& Chanock, 1996). Enteric adenoviruses can be cultured in the HEK 293 cell line 
in which primary HEK cells have been transformed to a continuous line by 
adenovirus type 5 (Takiff, Strauss & Garon, 1981). HAV replicates slowly and
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inefficiently in cell culture often without the appearance of CPE, however HAV 
variants have been adapted to grow in many primate cell lines (Robertson & 
Lemon, 1998). Cell culture is labour intensive and expensive and therefore not 
practical for use in routine diagnosis.
1.3.2 Electron Microscopy
Electron microscopy (EM) has played a major role in determining the aetiology of 
viral gastroenteritis. It has been routinely used to detect viruses in stool samples 
for many years, as cell culture was often difficult or impossible to use. EM is still 
commonly used for the direct detection of noroviruses in stool samples, however 
10^-10^ virus/ml of stool is required for visualisation therefore stool samples need 
to be collected during the acute phase of illness when most virus is shed. The 
enteric viruses are often indistinguishable from each other and may be obscured 
by other contaminants in the sample. Immune Electron Microscopy (IEM) 
significantly increases the detection rate of enteric viruses by using homologous 
antibody from human convalescent sera to attach the virus to a grid; this 
separates the virus particles from other contaminants in the sample. EM is 
expensive, requires a specially trained microscopist and I EM also requires 
suitable reference sera. EM has not been used to detect HAV or HEV as 
maximum faecal excretion occurs before the onset of recognisable symptoms, 
however it remains the only catch-all technique available for the detection of 
diarrhoeal viruses.
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1.3.3 Immunoassays
Radio-immunoassays (RIAs) and Enzyme-lmmunoassays (ElAs) were first 
developed in the 1970s using acute and convalescent sera to bind virus particles. 
A solid-phase RIA for the detection of human caliciviruses using hyperimmune 
guinea pig serum was developed by Japanese workers who later converted this 
assay to an ElA (Nakata et al, 1983; Nakata et al, 1988). The lack of suitable 
reagents lead to the development of El As based on recombinant baculovirus- 
expressed virus like particles (VLPs) (Jiang et al, 1992a) used to produce 
polyclonal antiserum in animals. The antiserum produced in one animal is used 
to coat microtitre wells and bind antigen present in the stools of infected 
individuals. The bound antigen is then detected using antiserum produced in a 
second animal. Serum antibody levels are also measured using VLPs to bind 
antibody.
Noroviruses are genetically diverse and therefore a broadly reactive antigen 
detection assay is required (Graham et al, 1994; Hardy 1999; Jiang et al, 2000; 
Atmar & Estes, 2001). Antigen detection El As using antisera raised against 
VLPs have only detected closely related strains and therefore they have not been 
used for the routine detection of noroviruses in clinical samples (Hale et al, 
1996b; Vipond et al, 2000). The preparation of monoclonal antibodies to 
astrovirus (Herrmann et al, 1990; Noel et al, 1995) and enteric adenoviruses 
(Vizzi et al, 1996) has led to the development of El As for the detection of these 
viruses in stool samples. Commercial antigen detection kits are also available for 
the detection of rotavirus (Dennehy et al, 1988; Thomas et al, 1988).
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1.3.4 Polymerase Chain Reaction
The Polymerase Chain Reaction (PCR) is a highly sensitive method used to 
amplify small quantities of DNA. As most enteric viruses contain RNA (with the 
exception of adenovirus) the RNA must first be extracted and converted into 
complimentary DNA by reverse transcription (RT). Short oligonucleotide primer 
pairs are designed that are complimentary to part of the viral genome. The 
primers hybridise to their complimentary sequences and are extended by a 
thermal-stable polymerase that uses the viral sequence as a template to produce 
complimentary strands. Many cycles of dénaturation, to melt the homologous 
strands, annealing of the primers to the DNA, and extension of the primers to 
produce complimentary copies of the DNA, are carried out by a thermal cycler 
resulting in amplification of the selected region of the viral genome (figure 1.4). 
The RT-PCR products are analysed by gel electrophoresis to identify sequences 
of the expected size. The sensitivity of RT-PCR can be increased using nested 
PCR, where a second PCR reaction is carried out using the DNA product of the 
first round RT-PCR reaction as a template and a 'nested' primer pair designed to 
amplify a region found in the first round product (Green etal, 1998).
Norwalk virus was first detected in stool specimens by RT-PCR in 1992 (Jiang et 
a/, 1992b). Viral RNA was extracted from stools using 1,1,2-tichloro-1,2,2- 
trifluoroethane (Freon) and polyethylene glycol (PEG) was added to concentrate 
the virus. A cationic detergent, cetyltrimethylammonium bromide (CTAB), was 
used to precipitate nucleic acids and separate them from substances inhibitory to 
the PCR. The RNA was phenohchloroform extracted, ethanol precipitated and
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Figure 1.4 Key stages of the Polymerase Chain Reaction.
Template DNA
dNTPs
DNA polymerase
95°C
Primers
Denatured
DNA
40°C
Primers 
bind to 
DNA
72°C
DNA polymerase 
extends primers to 
form
complimentary 
DNA strands
49
subjected to RT-PCR. Moe et al used this method to detect Norwalk virus in 
faecal samples from outbreaks of gastroenteritis however they found that the 
efficiency of the PCR for Norwalk virus was adversely affected by the sequence 
diversity of these viruses (Moe et al, 1994).
The genetic diversity of the Noroviruses has so far prevented the design of a 
universal primer pair. Primer pairs based on conserved regions of the Norovirus 
genome have been designed in order to detect the most commonly circulating 
strains. These have mostly been directed at the RNA polymerase region (Ando 
etal, 1995; Atmar ef a/, 1993; Green etal, 1993; Green etal, 1995a; Green et al, 
1998; Jiang et al, 1992b; Jiang et al, 1999; Moe etal, 1994; Schreier etal, 2000; 
Wang et al, 1994) although the capsid region (Hafliger et al, 1997; Shieh et al, 
2000; Vinje et al, 2000) has also been used as a target for RT-PCR. The 
sequence variation of the noroviruses may be overcome in part by using primers 
containing degenerate nucleotides (LeGuyader et al, 1996a) or by increasing 
degeneracy by incorporating deoxyinosine at variable positions (Green et al, 
1995b) however these primers lack the sensitivity of specific primers. Multiplex 
RT-PCR using several primer pairs has also been used to help overcome genetic 
diversity and improve the detection rate of noroviruses (Ando et al, 1995). 
Primers have been designed to detect Rotavirus (Wilde et al 1991; Xu et al, 
1990; Marshall etal, 2003), Astrovirus (Jonassen etal, 1995), Adenovirus (Allard 
etal, 1990; Pring-Akerblom & Adrian, 1994; Pring-Akerblom etal, 1997; Kidd et 
al, 1996), and HAV(Atmaref a/, 1993; Goswami etal, 1993).
50
1A DETECTION OF VIRUSES IN FOODS
Enteric viruses are usually detected in stool samples taken from infected 
individuals after an outbreak has occurred. However a number of methods have 
been developed for the detection of enteric viruses in foods associated with 
outbreaks of viral illness.
1.4.1 Detection of viruses in shellfish
The first methods used to detect enteric viruses in shellfish were designed to 
produce an extract which could be inoculated into cell culture. This required 
separation of virus from the cytotoxic shellfish tissue, followed by concentration of 
the virus into a smaller volume. Two alternative approaches were used: 
extraction-concentration and adsorption-elution-concentration. Extraction- 
concentration was carried out using ethyl ether (Metcalf & Stiles, 1965), Freon 
(Herrmann & Oliver, 1968) or flocculants such as Cat-floc (polydmethyldiallyl 
ammonium chloride) (Kostenbader & Oliver, 1981) to extract the viruses, followed 
by centrifugation or filtration to concentrate the viruses. Adsorption-elution- 
concentration methods involved adjustments in pH and conductivity to adsorb 
and elute viruses from shellfish meat prior to recovery by ultra-filtration, acid 
precipitation (Sobsey et al, 1975; Sobsey et al, 1978) or organic flocculation 
(Metcalf et al, 1980). Final eluants were treated with antibiotics and inoculated 
into cell culture.
There are a number of problems with using cell culture to detect viruses in 
shellfish extracts. The levels of contaminating virus are usually low and the
51
extraction procedures may cause inactivation or loss of virulence of the virus 
resulting in false negative results. The extract will also need to be tested in more 
than one type of cell culture in order to identify which viruses are present. False 
positive results may also occur as shellfish extracts can have a toxic effect on the 
cell culture which may be mistaken as viral infection. More importantly 
Noroviruses and HAV, the most significant causes of illness associated with 
shellfish consumption, can not be cultured or only cultured with difficulty. 
Immunoassays and I EM methods lack the sensitivity required to detect the low 
numbers of enteric viruses present in shellfish therefore methods based on RT- 
PCR detection have been developed.
The successful detection of viruses in shellfish by RT-PCR depends on efficient 
recovery of viruses from the shellfish meat and removal of PCR inhibitors. A 
procedure for the detection of enteric viral nucleic acid in oysters by PCR, using 
poliovirus as a model, was first reported in 1993 (Atmar et al, 1993). Poliovirus 
was seeded into oysters and extracted and concentrated by organic flocculation 
and PEG precipitation using a method described by Lewis and Metcalf (Lewis & 
Metcalf, 1988). Viral nucleic acids were released by digestion with proteinase K, 
phenohchloroform extraction and ethanol precipitation. CTAB was added to 
concentrate and separate nucleic acids from inhibitors of the RT-PCR. This 
method detected poliovirus and NonA/alk virus in processed samples of whole 
oysters containing exogenously added virus and in oysters that had bio­
accumulated poliovirus. It was later used to detect HAV, rotavirus and
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enterovirus in naturally contaminated shellfish (LeGuyader et al, 1994). A similar 
method for the detection of enteroviruses in shellfish, again using poliovirus as a 
model, was developed using guanidinium isothiocyanate (GITC) extraction to 
release the viral RNA (Lees et al, 1994). This method was later applied to the 
detection of noroviruses in shellfish (Lees etal, 1995).
In situ transcription studies of HAV in shellfish tissues revealed that bio­
accumulated viruses were localised in the stomach and hepatopancreatic tissues 
of the shellfish (Romalde et al, 1994). Atmar et al developed a method for the 
detection of Non^/alk virus and HAV in artificially seeded stomach and 
hepatopancreatic tissues of oysters and hard-shell clams based on their 
previously described method (Atmar et al, 1995). The removal of the stomach 
and hepatopancreatic tissues simplified and shortened the time needed to purify 
the viral RNA for RT-PCR. Internal RNA standards were used which 
demonstrated when inhibitors of the RT-PCR were present and allowed 
quantification of the viral RNA. A multi-centre, collaborative trial was carried out 
to evaluate the reliability and reproducibility of this method (Atmar et al, 1996). 
The trial demonstrated that the method could be performed with a high degree of 
sensitivity and specificity in other laboratories. This method has since been used 
to detect noroviruses in oysters implicated in an outbreak of gastroenteritis (Le 
Guyader et al, 1996b) and in a three year study to assess human enteric viruses 
in shellfish (Le Guyader et al, 2000). It has also recently been used in the
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development of a semi-quantitative approach to estimate norovirus contamination 
in oysters (Le Guyader et al, 2003).
The detection of enteric viruses in shellfish by RT-PCR is often hindered by the 
presence of inhibitory substances which reduce the efficiency of the RT and/or 
PCR steps. Southern hybridisation of the amplified products with internal probes 
can be used to increase detection (DeLeon et al, 1992; Ando et al, 1995; Atmar 
et al, 1996) or alternatively a semi-nested or nested PCR can be performed. 
Green et al developed a nested RT-PCR to improve the sensitivity of the 
detection of noroviruses in naturally contaminated shellfish (Green et al, 1998). 
First round primers were designed to anneal specifically with genogroup I and 
genogroup II norovirus strains. The nested primer pair had previously been 
shown to detect more than 90% of strains which were circulating in the UK 
(Green etal, 1995a; Green etal, 1998). The nested RT-PCR detected a broader 
range of norovirus strains, although not all strains tested positive, and was found 
to be 10 to 1000 times more sensitive than single round RT-PCR for the 
detection of noroviruses in shellfish. Noroviruses were successfully detected in 
naturally contaminated shellfish, shellfish associated with outbreaks of 
gastroenteritis, and in commercially produced depurated shellfish.
The extreme sensitivity of the nested PCR can increase the likelihood of cross­
contamination between samples resulting in false positive results. In order to 
decrease the possibility of cross-contamination Burkhardt et al developed a
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single compartmentalised tube-within-a-tube device. The lower 2.5 cm portion of 
a standard 100 pi pipette tip was inserted into an Eppendorff tube. The first round 
RT-PCR mix including the oyster extract was added to the outer Eppendorff tube, 
the nested PCR mix was added to the pipette tip. Following the initial RT-PCR 
reaction the tube was vigorously shaken and centrifuged in order to mix the 
components before the second round amplification. This method was found to 
improve the detection limit of calicivirus in shellfish extracts and has the same 
detection limit as the conventional method when using viral nucleic acid 
suspended in water (Burkhardt et al, 2002).
Intact virus particles have also been isolated from shellfish extracts. These 
methods reduce the risk of false positive results from the amplification of non- 
viable virus as well as false negative results caused by degradation of viral RNA 
during processing. Viruses can also be concentrated from larger volumes. 
Homologous antibody has been used to capture intact HAV from seeded shellfish 
samples prior to RT-PCR (Deng et al, 1994). This method was not used to 
detect noroviruses in contaminated shellfish as immunological reagents capable 
of detecting the most widely circulating strains were not available. However, 
more recently broadly reactive polyclonal antisera have been used to recover, 
concentrate and detect HAV and NonA/alk viruses in seeded clam samples 
(Sunen & Sobsey, 1999). Jaykus et al also developed a virion concentration 
method for the detection of HAV and noroviruses in shellfish samples (Jaykus et 
al, 1996). Seeded viruses in oyster extracts were purified by Freon extraction
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and concentrated by PEG precipitation. An adsorption-elution-precipitation 
method using a protein precipitating agent was used to further concentrate the 
viruses before RT-PCR. This method was able to show a good correlation 
between RT-PCR detection and cell culture infectivity using HAV and poliovirus 
as model viruses. It has since been successfully used to detect HAV in naturally 
contaminated oysters (Chung etal, 1996).
Recent research has concentrated on the development of simplified procedures 
that can be used for the routine detection of human enteric viruses in shellfish. A 
rapid and simple method for the detection of noroviruses in seafood using a 
semi-nested RT-PCR approach to improve sensitivity has been developed 
(Hafliger et al, 1997). Viruses were eluted from seafood tissue with a glycine 
buffer and concentrated by PEG precipitation. The virus particles were lysed with 
guanidine hydrochloride and the viral RNA purified using silica-based 
membranes from a commercially available kit. This method was successfully 
used to detect rotaviruses in naturally contaminated seafood samples. Legeay et 
al (2000) used commercial proteases to liquefy shellfish digestive tissues before 
extracting with dichloromethane. The viral particles were lysed with GITC and 
the nucleic acids purified by binding to a silica-based resin before RT-PCR. This 
method was successfully used to detect Non/valk virus and HAV in seeded 
shellfish samples (Legeay et al, 2000). Kingsley & Richards developed a rapid 
extraction procedure that is suitable for use with a one-step RT-PCR. They 
extracted HAV and norovirus from shellfish tissue using a glycine buffer, PEG
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precipitation, and purification of the viral poly(A) RNA using magnetoc poly(dt) 
beads (Kingsley & Richrads, 2001). This method was used to detect HAV in 
oysters exposed to contaminated water and imported clams implicated in an 
outbreak of food-borne viral illness. The development of simple routine methods 
for the detection of enteric viruses in commercially available shellfish continues to 
be an active area of research.
1.4.2 Detection of viruses in salad crops, vegetables and fruit
Early studies investigated the recovery of enteric viruses from the surface of
experimentally contaminated salad, vegetables and fruit and were designed to 
produce an extract which could be inoculated into cell culture. These methods 
used poliovirus vaccine strain (Tierney et al, 1977; Sadovski et al, 1978; Ward et 
al, 1982) or rotavirus (Badawy et al, 1985a) as model viruses. Recently 
molecular methods of detection have been developed to detect enteric viruses on 
experimentally contaminated salad vegetables, soft fruits (Gouvea et al, 1994; 
Bidawid et al, 2000b; Leggitt & Jaykus, 2000; Sair et al, 2002) and in naturally 
contaminated lettuce (Hernandez etal, 1997).
Gouvea et al used stool samples containing Norwalk virus to inoculate sliced 
melon and lettuce. The food samples were rinsed with GITC by thorough 
shaking and the washings pooled and clarified by centrifugation. Hydroxyapatite 
was added to the clarified washings, shaken and the suspension centrifuged. 
The pelleted RNA bound crystals were eluted with potassium phosphate and
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precipitated with CTAB. Norwalk virus RNA was then detected using a nested 
PCR approach (Gouvea et al, 1994). Immunomagnetic beads and positively 
charged filters have also been used to concentrate HAV from experimentally 
contaminated lettuce and strawberries. Magnetic beads coated with anti-HAV 
antibody were incubated with experimentally contaminated produce and assayed 
by RT-PCR. HAV was also eluted from positively charged filters with beef extract 
before addition to immunomagnetic beads and assay by RT-PCR. This method 
was found to be less sensitive then using immunomagnetic beads alone, as the 
beef extract was found to inhibit the RT-PCR, however low levels of virus could 
be detected in much larger volumes (Bidawid et al, 2000b). Norwalk virus and 
HAV have also been detected on experimentally contaminated lettuce samples 
by blending the samples in a glycine/saline buffer and filtering the homogenate 
through cheese cloth. The filtrates were centrifuged and the supernatant 
precipitated with PEG overnight. The precipitated viruses were recovered by 
centrifugation and adsorbed to a silica matrix, to remove RT-PCR inhibitors. The 
precipitates were recovered by centrifugation and viral RNA was extracted using 
GITC and phenohchloroform. The RNA was then precipitated with isopropanol 
before amplification by RT-PCR (Leggitt & Jaykus, 2000).
Rotavirus and HAV have been detected in naturally contaminated market lettuce 
(Hernandez et al, 1997). Lettuce heads were vigorously washed in distilled water 
and the washings centrifuged to remove large debris, the supernatants were then 
pooled and ultra-centrifuged. Rotavirus was visualised by EM indicating that this
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method recovered at least 10  ^ - 10® viral particles per gram, the minimal dose 
detectable by EM, and therefore suggests that the samples were heavily 
contaminated. The samples tested were collected during a high incidence of 
diarrhoea but consumption was not directly linked to an outbreak of 
gastroenteritis. RIA and RT-PCR were both used to detect HAV however HAV 
was only detectable by RT-PCR. This is the only report found regarding the 
detection of enteric viruses in naturally contaminated produce.
In order to improve the sensitivity and speed of virus detection by RT-PCR from 
foods other than shellfish Sair et al evaluated a number of RNA extraction 
methods, compared primer sets and developed a one-step RT-PCR method for 
the detection of HAV and norovirus in lettuce samples (Sair et al, 2002). Lettuce 
samples were processed using a previously described filtration-extraction- 
precipitation method (Leggitt & Jaykus, 2000) before inoculation with HAV or 
Norwalk virus. Viral RNA was extracted using GITC, microspin columns, 
Qiashredder homogeniser, ‘trizol’ reagent, or a combination of methods. The use 
of a trizol reagent coupled with the Qiashredder homogeniser yielded the best 
detection limits. This RNA extraction method was used with a one-step RT-PCR 
which was found to be more sensitive than the two-step RT-PCR. This method 
appears to be a rapid and sensitive method for the detection of HAV and Norwalk 
virus in experimentally contaminated foods; however it has not been tested using 
naturally contaminated samples.
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Outbreaks of norovirus gastroenteritis have been associated with celery washed 
in non-potable water (Warner et al, 1991), frozen raspberries (Ponka et al, 1999), 
and green salad (Griffin et al, 1982). Outbreaks of hepatitis A have been 
associated with the consumption of frozen strawberries (Hutin etal, 1999), salad 
(Pebody et al, 1998), green onions (Dentinger et al, 2001), and commercially 
distributed lettuce (Rosenblum et al, 1990). In each of these cases stool or 
serum samples were taken to diagnose infection and food history and illness 
questionnaires were used to ascertain food specific attack rates and determine 
the most likely cause of illness. Reports of viral gastroenteritis and hepatitis A 
associated with consumption of fresh produce are largely based on 
epidemiological evidence and have not been directly linked by analysis of both 
implicated foods and stool samples taken from sick individuals. There are 
currently no routine methods for the detection of enteric viruses in fresh produce 
implicated in outbreaks of viral disease.
1 5  SUMMARY
Enteric viruses are a significant cause of food-borne disease; Noroviruses and 
hepatitis A being the most commonly reported food-borne viral infections. Viral 
gastroenteritis is a mild self-limiting disease which does not require medical 
intervention and the majority of cases go un reported. HAV causes a more 
severe disease, for which official reporting is mandatory, however the incubation 
period is much longer than that of viral gastroenteritis and food samples are 
unlikely to be available for testing. For these reasons epidemiological evidence
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linking norovirus and HAV infection to foods is sparse and food-borne viral 
disease grossly under-reported. Vectors for foodborne illness include shellfish 
and salad vegetables/soft fruits. Numerous methods have been proposed for the 
detection of enteric viruses in shellfish, however there remains a need to develop 
more effective methods for the routine detection of enteric viruses in shellfish in 
order to minimise the potential risk of illness to consumers. The association 
between shellfish consumption and viral illness has been well documented over 
the years, however more research is required in order to establish whether salad, 
vegetables and fruits can take up enteric viruses via their roots when grown using 
sewage sludge as a fertiliser or faecally contaminated water for irrigation.
AIMS & OBJECTIVES
• To develop and apply a method for the routine detection of Noroviruses in
shellfish, applicable in a commercial setting.
• To investigate potential uptake and internalisation of viruses by plants 
grown in virally contaminated water.
• To develop an extraction - RT-PCR procedure for the detection of 
noroviruses in plant material.
• To evaluate a recombinant and potentially broad spectrum cross reactive 
norovirus antigen for antiserum production.
• To evaluate Antisera raised to this antigen in novel immuno-concentration 
procedures.
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CHAPTER 2 
GENERAL MATERIALS & METHODS
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2.1 CELLS & VIRUS
2.1.1 Continuous Cell Lines
2.1.1.1 Crandell Reese Feline Kidney (CRFK) cells
CRFK cells (supplied by Dr M. Carter, University of Surrey) were grown to
confluence in Minimal Essential Media (MEM) Eagle’s modification with Earles 
salts (Gibco) supplemented with 10% heat inactivated foetal calf serum, lOOU/ml 
penicillin, lOOpg/ml streptomycin (Gibco), 2mM L-Glutamine (Gibco), 1x non- 
essential amino acids (Gibco), and 0.225% sodium bicarbonate (Gibco) at 37°C 
and 5% CO2 in vented tissue culture flasks. The cells were passaged at least 
once a week by discarding the medium and rinsing the cell sheet with pre­
warmed trypsin/versene (0.53mM EDTA with 0.25% trypsin; Gibco). Fresh 
trypsin/versene was added to the cell sheet and the flask left at room 
temperature until the cells began to detach. The trypsin/versene was decanted 
and the cells dispersed in 5ml growth medium. The cells were divided 1:4 into 
fresh flasks containing CRFK growth medium.
2.1.1.2 Sf21 Cells
Sf21 cells (supplied by Dr M. Carter, University of Surrey), an insect cell line 
derived from Spodoptera frugiperda, were grown to confluence in TCI 00 medium 
supplemented with 10% heat inactivated foetal calf serum, 2mM L-Glutamine 
(Gibco), lOOU/ml penicillin, and 100pg/ml streptomycin (Gibco) at 28°C for 4-5 
days in non-vented tissue culture flasks. The cells were passaged by discarding 
the medium and detaching the cells by pipetting up and down in fresh medium.
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The cells were divided 1:3 into tissue culture flasks containing fresh growth 
medium.
2.1.2 Bacteria
2.1.2.1 Esherichia coli DHSaF' Cells
E. coli DH5aF’ cells (Life Technologies) were grown in sterile Lauria-Bertani (LB) 
broth (10g/l Bactotryptone, 5g/l Yeast extract and 10g/l Sodium Chloride adjusted 
to pH7.5) overnight at 37°C with vigorous shaking or plated onto LB agar (LB 
broth containing 1.5% bactoagar) inverted and incubated overnight at 37°C.
Transformed E. coli DH5aF’ cells were grown in sterile 2x YT media (16g/l 
bactotryptone, 10g/l yeast extract, 10g/l NaCI) and plated onto YT agar 
containing 1.2% bactoagar in 2x YT media supplemented with 50pg/ml ampicillin, 
0.02% Xgal (5-bromo-4-chloro-3-indoyl-d-galactosidase dissolved in 2% N,N’ 
dimethyl-formamide) and 250pM IPTG (Isopropyl-thio-B-D-galactoside) inverted 
and incubated overnight at 37°C.
2.1.3 Viruses
2.1.3.1 Feline Calicivirus (FCV)
CRFK cells were grown to confluence in vented tissue culture flasks. The media 
was poured off leaving a little behind to prevent the monolayer from drying out. 
1ml (10  ^plaque forming units) of FCV stock (F9 strain supplied by Prof. Jarrott, 
University of Glasgow Veterinary School) was added to the cell monolayer and
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the flask incubated at 37°C with 5% CO2 for 1 hour. The flask was rocked 
periodically to prevent drying of the monolayer. 15ml of 2% growth media (as 
described previously with 2% heat inactivated foetal calf serum) was added to the 
cells before incubating overnight at 37°C with 5% CO2. The flask was frozen in 
the -70°C freezer for 15 minutes and thawed at 37°C to break open the cells. 
The medium was centrifuged at 2000 rpm for 5 minutes. The supernatant 
containing the virus was divided into 1ml aliquots, snap-frozen in card ice, and 
stored at -70°C.
2.1.3.2 FCV Plaque assay
The plaque assay was performed in 3.5cm^ diameter tissue culture dishes. The 
dishes were seeded with CRFK cells at the level of one 80cm^ flask for every 10 
dishes. The dishes were rocked gently to ensure that the cells were evenly 
distributed and incubated overnight at 37°C with 5% CO2. The following day the 
cells were checked for confluence and 10 fold dilutions of FCV were prepared 
using 2% growth media. The growth medium was removed from each dish and 
the cells washed with sterile phosphate buffered saline (PBS). The virus was 
plaqued by adding 0.2ml of each dilution to the side wall of a dish of cells. The 
dishes were rocked gently at room temperature for 1 hour before the inoculum 
was removed. Equal volumes of 0.8% plaque agar and double strength growth 
media were mixed and 2ml used to overlay each monolayer. The agar mix was 
left to set and the dishes incubated overnight at 37°C with 5% CO2. 2-3ml of 
formal saline (10% formaldehyde in 0.89% saline) was added to each dish and
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the dishes left to stand for 10 minutes to fix the cells. The formal saline and agar 
plugs were flushed out of the dishes with distilled water and the cells were 
stained with 0.5ml of crystal violet stain (0.1% crystal violet in 20% ethyl alcohol) 
for 15-30 minutes. The stain was washed off with water and the dishes left to 
dry. The cells stain purple and the plaques appear as circular holes in the 
monolayer.
2.1.3.3 Baculovirus
Sf21 cells were grown to 75% confluence (section 2.1.1.2). The growth medium 
was discarded leaving a little behind to just cover the cells and 1ml growth 
medium containing baculovirus was added. The flasks were rocked for 1 hour at 
room temperature to allow the virus to adsorb to the cells. Fresh growth media 
was added and the cells incubated at 28°C for 3 days until the cytopathic effect 
was obvious. The medium was clarified at 2500rpm for 10 minutes and the 
supernatant stored at 4°C.
2.1.3.4 Baculovirus Plaque assay
The plaque assay was performed in 3.5cm^ tissue culture dishes seeded with 
Sf21 cells at the level of one 80cm^ flask for every 16 dishes. The dishes were 
rocked gently to ensure that the cells were evenly distributed and incubated 
overnight at 28°C or to 50% confluence. The baculovirus stock was serially 
diluted in serum-free growth medium and 0.1ml of each virus dilution was plated. 
The dishes were rocked at room temperature for 1 hour and the inoculum
66
removed. The dishes were overlaid with 2ml 1% Seaplaque agarose in growth 
medium (2% agarose melted and mixed with an equal volume of growth medium) 
which was allowed to set before being overlaid with 1 ml growth medium. The 
dishes were incubated at 28°C in a humid box for 5 days. The plaques were 
detected by adding 1ml neutral red (0.167mg/ml) to the medium in the dishes and 
incubating at 28°C for 4 hours. The stain was removed and the cells stained red 
whilst the plaques appeared as clear zones in the monolayer.
2.1.3.5 Bacteriophage MS2
Approximately 3x10® plaque forming units bacteriophage MS2 (supplied by Dr W. 
Dore, CEFAS) were mixed with 0.5ml of an overnight culture of E  coli DH5aF’ 
cells and incubated at 37®C for 20 minutes with vigorous shaking to allow the 
MS2 to adsorb to the cells. 20ml of sterile LB broth was added to the culture and 
incubated at 37°C with vigorous shaking for 8-12 hours to allow cell lysis to 
occur. Chloroform was added to a final concentration of 1% and the culture 
incubated for 15 min before centrifugation at 4000g for 10 minutes at 4°C. The 
supernatant was recovered and chloroform added to a final concentration of 
0.3%, the cells were then stored at 4°C until use.
2.1.3.6 Bacteriophage MS2 Plaque assay
Ten-fold serial dilutions of the bacteriophage stock were carried out and 0.1ml of 
each phage dilution was added to 0.1ml of a fresh overnight culture of E. coli 
DH5aF’ cells. The culture was incubated at 37°C with vigorous shaking for 20
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minutes before being mixed with 0.3ml of melted top agar (LB broth containing 
0.75% bactoagar) and poured over LB agar. The top agar was left to harden 
before inverting the plates and incubating at 37°C overnight. The plaques 
appear as circular holes in a confluent lawn of E. coli.
2.1.3.7 Norovirus extraction from clinical samples
Norovirus positive faecal samples taken from individuals with acute
gastroenteritis (PHLS) were used neat (if liquid) or diluted to 10% with phosphate 
buffered saline and mixed thoroughly. Viral RNA was extracted from lOOpI of 
faecal sample using an RNeasy minikit (RNA clean-up protocol; Qiagen) and the 
RNA eluted in 30pl of RNAse-free water. The elution step was repeated using 
the first eluate to increase the RNA concentration and the RNA stored under 
ethanol at -20°C.
2.2 MOLECULAR BIOLOGY
2.2.1 Nucleic acid amplification
2.2.1.1 Extraction of viral RNA from cells
RNA was extracted from lOOpl aliquots of dilutions of the FCV stock using an 
RNeasy Minikit (RNA clean-up protocol; Qiagen) and eluted in a total volume of 
60pl RNase-free water. Norovirus RNA was extracted from clinical samples as 
described previously (section 2.1.3.7).
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2.2.1.2 RNA amplification by RT-PCR
Reverse transcription (RT) was carried out in a 0.2ml thin-walled reaction tube. 
The reaction mix consisted of; O.Spg random hexamers (Promega), 20U RNasin 
ribonuclease inhibitor (Promega), and template RNA or sterile water to provide a 
negative control. The total volume was made up to 8.9pl with sterile water. Each 
reaction mix was heated at 70°C for 5 minutes, chilled on ice and 6.1 pi of 
reaction mix containing (final concentrations): 15mM Tris-HCI pH 8.0, 50mM KOI 
(PCR Gold buffer. Applied Biosystems), 5mM MgCb solution (Applied 
Biosystems), 1mM deoxynucleotide triphosphate (dNTP) mix (Promega), and 
25U MuLV Reverse transcriptase (Applied Biosystems) was added. Reverse 
transcription was performed by incubating the reaction mix at 23°C for 10 
minutes followed by 37°C for 1 hour. The reaction was terminated by incubation 
at 95°C for 5 minutes, the tubes were chilled on ice and 35pl of PCR mix was 
added to give a final concentration of 15mM Tris-HCI pH 8.0, 50mM KCI, I.SmM 
MgCb solution, 20 pmol of each primer (table 2.1), and 2U Amplitaq Gold DNA 
polymerase (Applied Biosystems) in a final volume of 50pl. The reaction tubes 
were placed in a thermal cycler (Applied Biosystems) and after an initial 
dénaturation at 94°C for 2 minute, 35-45 amplification cycles of dénaturation at 
95°C for 1 minute, annealing at 40°C for 1 minute and extension at 72°C for 1 
minute were performed, followed by a final extension of 72°C for 10 minutes. 
RT-PCR products were incubated at 4°C until analysis by gel electrophoresis or 
stored at -20°C until use.
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2.2.1.3 DNA amplification by PCR
DNA template was added to PCR mix containing (final concentrations); 15mM 
Tris-HCI pH 8.0, 50mM KCI, I.SmM MgCb solution, 20 pmol of each primer 
(Table 3.1 & 3.2) and 2U Amplitaq Gold DNA polymerase (Applied Biosystems) 
in a final volume of 50pl. The reaction tubes were placed in a thermal cycler and 
after an initial dénaturation at 94°C for 2 minute, 35 cycles of 95°C for 1 minute, 
40°C for 1 minute and 72°C for 1 minute were performed, followed by a final 
extension of 72°C for 10 minutes. PCR products were incubated at 4°C until 
analysis by gel electrophoresis or stored at -20°C until further use.
2.2.1.4 Nested PCR
Nested PCR was performed using 1 .Opl of the first round amplicon and 49pl of 
reaction mix containing 15mM Tris-HCI pH 8.0, 50mM KCI (PCR Gold buffer. 
Applied Biosystems), 1.5mM MgCb solution, 0.2mM dNTPs mix, and 20pmol of 
each of the nested primers. The nested PCR was carried out using the same 
parameters as described previously (section 2.2.1.3).
2.2.1.5 RNA amplification by One-Step RT-PCR
RT-PCR was also performed using a One-Step RT-PCR (Qiagen) kit. A 50pl
reaction mix was prepared containing (final concentrations): 400pM each dNTP, 
0.5pM of each forward and reverse primer, 10U RNasin, 4% enzyme mix and 
Norovirus RNA /FCV RNA (positive control), sterile water (negative control) or 
extracted RNA, in one-step reaction buffer. The reaction tubes were placed in a 
thermal cycler (Applied Biosystems) programmed with the following reaction
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conditions: Reverse transcription at 50°C for 30 minutes, PCR activation at 95°C 
for 15 minutes, and 45 cycles of dénaturation at 95°C for 1 minute, annealing at 
40°C for 1 minute and extension at 72°C for 1 minute, followed by a final 
extension at 72°C for 10 minutes. Following amplification the PCR products 
were held at 4°C until analysis by gel electrophoresis or storage at -20°C.
2.2.1.6 Agarose Gel Electrophoresis
lOpI of DNA was mixed with lOpI 2x TBE sample buffer consisting of 20% lOx 
TBE buffer (107.8g Tris base, 55g boric acid, 9.3g EDT-Na.2H20, distilled water 
to 1 litre), 20% glycerol, and 60% distilled water, with bromophenol blue dye and 
xylene cyanol FF dye to colour. The samples were loaded into a 1.2% agarose 
gel (1.2g agarose in 100 ml 1x TBE buffer) containing 0.05pg ethidium bromide 
(lOmg/ml), with lOpI of a 100 base pair DNA ladder (Promega). The gel was 
immersed in 1x TBE containing 0.05pg ethidium bromide and electrophoresis 
was carried out at 125V for 45 minutes. The DNA was visualised using a UV 
trans-illuminator. DNA was quantified by comparing with known amounts of A 
DNA.
2.2.2 Cloning of PCR products
2.2.2.1 Gel Extraction
The PCR products were purified by gel extraction before cloning into a plasmid 
vector. The required band was excised under UV illumination with a clean 
scalpel. The excised band was transferred to a pre-weighed microfuge tube and
71
the DNA extracted using a QIAquick gel extraction kit (Qiagen). Briefly, gel slices 
were dissolved in a buffer and applied to a QIAquick spin column. The nucleic 
acids adsorb to the silica-gel membrane and impurities are washed away. The 
purified DNA was eluted in 30pl of elution buffer supplied with the kit.
2.2.22 Ligation
The gel purified PCR products were cloned into a pGEM®-T Easy plasmid vector 
(Promega) using a 5:1 molar excess of insert DNA to vector DNA. A lOpI ligation 
mix consisting of: 5% PEG, lOng of the gel purified PCR product and 20ng 
pGem-T Easy vector in T4 DNA ligase buffer was added to a microfuge tube 
chilled on ice. 1U of T4 DNA ligase was added and the tube flicked gently to mix 
the components. The tube was centrifuged briefly and the contents overlaid with 
20pl paraffin before incubating overnight at 16°C. I.OpI EDTA (0.2M) and Q.OpI 
sterile water were added to terminate the reaction.
2.2.2.3 Transformation
Transformation of host cells with the plasmid vector was carried out by mixing 
T.OpI of the ligation mix with 50pl of competent Eshehchia coli DHSoF' cells (Life 
Technologies) in a microfuge tube chilled on ice. The cells were incubated on ice 
for 30 minutes before being heat-shocked at 42°C for 45 seconds. The cells 
were returned to ice for a further 5 minutes. 200pl of 2x YT media was added to 
the cells and the tube gently flicked to mix the contents before incubating at 37°C
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for 1 hour. The transformation mix was plated onto YT agar plates, inverted and 
incubated overnight at 37°C. The plates were examined the next day for the 
growth of white colonies indicating insertional inactivation of the LacZ a peptide 
expression required to complement defective p-galactosidase synthesized by the 
host cell. Individual colonies containing transformed cells were used to inoculate 
YT medium and grown overnight at 37°C with vigorous shaking. Aliquots of each 
culture were stored at -70°C in10% glycerol.
2.2.2.4 Plasmid Purification
5ml aliquots of 2x YT media were inoculated with transformed E. coli cells and 
incubated overnight at 37°C with vigorous shaking. 1.5 ml aliquots of the 
overnight culture were transferred to microfuge tubes and spun at 13000 rpm for 
30 seconds to pellet the bacteria. The plasmid DNA was purified using a 
Miniprep kit (Qiagen). The protocol is based on alkaline lysis of the bacterial 
cells followed by adsorption of the plasmid DNA onto a silica membrane. The 
purified plasmid DNA was eluted with 50pl of elution buffer (supplied with the kit) 
and visualised by gel electrophoresis as described previously.
2.2.2.S Restriction Digest
Restriction digestion was performed using I.Opg of plasmid DNA in the 
appropriate restriction buffer (as recommended by the manufacturer). 10U of
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restriction enzyme was added per 10pl reaction before incubating the reaction at 
37°C for 1-2 hours. The digest was analysed by gel electrophoresis.
2.2.26 Sequencing
SOOng samples of the plasmid DNA were sequenced in-house using an 
automated DNA sequencer (Applied Biosystems) and universal forward and 
reverse primers to sequence across the insertion site of the pGEM®-T Easy 
vector.
2.2.3 Production of RNA template
2.2.3.1 Production of mRNA transcripts
A T7 Megashortscript reaction mix (Ambion) consisting of 10% transcription 
buffer, 75mM of each dNTP, 2.0pg of plasmid linearised with Pst I restriction 
enzyme, and 2.0pl enzyme mix was adjusted to 20pl with RNase-free water and 
incubated at 37°G for 4 hours. A positive control was included using the template 
DNA supplied with the kit and a negative ‘blank’ reaction was performed which 
lacked the enzyme mix. The plasmid DNA was degraded by adding 2U of 
RNase-free DNase and incubating at 37°C for 15 minutes. 115pl RNase-free 
water and 15pl 5M ammonium acetate precipitate solution was added to the 
reaction before extraction with an equal volume of phenol: chloroform. The RNA 
was precipitated by adding an equal volume of isopropanol and chilled overnight 
at -20°C. The precipitated RNA was centrifuged at 12000 g for 15 minutes. The
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RNA pellet was re-suspended in 20pl RNase-free water and stored under ethanol 
at 70°C.
2.2.3 2 RNA Electrophoresis
RNA was detected by electrophoresis through a denaturing gel. 1 .Opl of the RNA 
solution was added to 9.Opl of denaturing sample buffer (3-N- 
morpholinopropanesulfonicacid (MOPS) containing 6.5% formaldehyde, 05% 
deionised formamide) and 2.0pl of denaturing loading buffer (50% 1mM EDTA at 
pHS.O and 50% glycerol, bromophenol blue and xylene cyanol FF dyes to 
colour). The RNA loading samples were mixed gently and heated at 55°C for 15 
minutes before the addition of Ipg ethidium bromide. The samples were loaded 
into a 1.2% denaturing agarose gel (1.08g agarose in MOPS containing 1.1% 
formaldehyde) along with a 3.Opl aliquot of 0.28-6.58 kb RNA ladder (Promega), 
and the gel was immersed in MOPS. Electrophoresis was carried out at 70V for
3.5 hours and the RNA detected under UV illumination.
2.2 3.3 ^H-UTP Incorporation Into Norovlrus transcript
The RNA yield from the transcription reaction was estimated by incorporation of
radiolabelled DTP. The reaction was initiated by the addition of the enzyme mix 
and lOpI of the reaction mix immediately transferred to a microfuge tube 
containing 1 pCi/ 37kBq of ^H-UTP ([^H]uridine 5’triphosphate, Amersham). The 
reaction was incubated at 37°C for 2 hours and terminated on ice by addition of
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2.0pl of 0.2M EDTA at pH 8.0. 89pl of DEPC-treated water was added to the 
reaction and 2 x 5.Opl aliquots were taken. One aliquot was spotted onto a GFC 
filter paper (Whatman), dried at room temperature and used to determine the 
total activity of the reaction mix. The remaining sample was spotted onto filter 
paper and washed 3 times with 50 ml ice cold 8% TO A (w/v) and once with 95% 
ethanol at room temperature for 5 minutes using filter apparatus and a vacuum 
pump. The filter paper was dried at room temperature and used to estimate the 
RNA yield. The filters were placed in scintillation tubes and 5 ml scintillant was 
added. The amount of radioactivity was determined using a scintillation counter 
and the RNA yield calculated.
2.2.S.4 RNA Measurement
The concentration of RNA was also determined by measuring the absorbance at 
260 nm (A260) in a spectrophotometer assuming that an OD of 1.0 corresponds to 
40pg of RNA per ml. The ratio between absorbance values at 260 nm and 280 
nm was determined to give an estimate of RNA purity with a ratio of 2.0 indicating 
a satisfactory yield.
2.3 PROTEIN EXPRESSION
2.3.1 Expression of recombinant baculovlrus proteins
Sf21 cells were cultured as described previously (section 2.1.1.2) and 3.5cm^
tissue culture dishes were seeded with Sf21 cells at the level of one 80cm^ flask
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for every 16 dishes. The cells were incubated overnight at 28°C or until 60-75% 
confluent. The medium was discarded and replaced with 200pl recombinant 
baculovirus stock at a titre of 10®pfu/ml. The dishes were rocked at room 
temperature for 1 hour and 1.8ml growth media was added. The dishes were 
incubated at 28°C in a humid box. Time courses were set up to determine 
optimum protein expression by harvesting the cells on consecutive days in 
serum-free media. The cells were pelleted by centrifugation at 2500rpm for 10 
minutes and the pellet washed with PBS and stored at -20°C. Larger-scale 
protein expression was carried out by growing recombinant baculovirus in Sf21 
cells using a multiplicity of infection of 5-10pfu/cell.
2.3.2 Purification of baculovlrus expressed proteins
The expression clones were constructed using pAcHLT vectors containing an N-
terminal 6xHis tag. The resultant proteins were BxHis containing fusion proteins 
which were purified under denaturing conditions using Ni-NTA agarose which has 
a high affinity for 6xHis residues.
The cell pellets containing the expressed proteins were resuspended in 20ml 
lysis buffer as described previously. 11 Opl aprotinin (protease inhibitor) was 
added and the mixture stood on ice for 15 minutes with occasional mixing. The 
lysate was clarified by centrifugation as above and the pellet resuspended in 6ml 
8M Urea solution (8M Urea in lOmM sodium phosphate buffer pH 7.6) and 
allowed to stand at room temperature for 30 minutes until the solution had
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cleared. 3ml Ni-NTA agarose (Qiagen) was prepared and washed twice with 
10ml of 6M Urea solution (6M Urea in 2.5mM sodium phosphate buffer pH 7.6) to 
equilibrate the matrix. After each wash the slurry was centrifuged as previously 
described to sediment the matrix and the supernatant carefully removed. The 
lysate was distributed between microfuge tubes and centrifuged at 13000rpm for 
10 minutes. The supernatants were removed and pooled in a 20ml tube. 1ml 
Tris-NaCI was added to bring the molarity of the lysates to approximately 6M 
Urea. The lysate was added to the Ni-NTA agarose and the slurry incubated at 
room temperature for 1.5 hours on a rolling platform. The slurry was centrifuged 
at 500g for 5 minutes to sediment the matrix and the matrix was washed twice 
with 10ml 6M Urea solution, then once with 6M Urea solution containing 5mM 
Imidazole and once with 10ml 6M Urea solution containing lOmM Imidazole. The 
proteins were eluted by addition of 2 ml elution buffer (6M Urea solution 
containing 500mM Imidazole) to the Ni-NTA matrix and rocked at room 
temperature for 2-3 minutes. The supernatant was distributed between 
microfuge tubes and centrigfuged at 2500rpm for 5 minutes. The supernatant 
was collected and the elution step repeated as before. The eluants were 
collected and stored at -20°C until use.
2.3.3 SDS-Polyacrylamide Gel Electrophoresls(SDS-PAGE)
The glass plates were cleaned thoroughly with 70% ethanol and assembled in
the clamp apparatus. A 10% resolving gel was made containing 4.6ml distilled 
water, 10ml AX2 (0.75M Tris pH 8.8), 5ml Acrylamide: Bisacrylamide (40% stock)
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and 100pl 20% SDS. Polymerisation was initiated by the addition of 200pl 
ammonium persulphate (20mg/ml) and 50pl TEMED 
(Tetramethylethylenediamine). The TEMED accelerates the rate of formation of 
free-radicals from persulphate which catalyses the polymerisation of acrylamide. 
The acrylamide polymers are cross-linked by bis-acrylamide resulting in a 
complex polymer. Therefore the resolving gel was immediately poured between 
the glass plates using a glass pipette to a position below the expected level of the 
comb and overlaid with water-saturated butanol to ensure even polymerisation. 
The gel was allowed to set and the water-saturated butanol decanted and the 
surface of the gel washed with distilled water and blotted with filter paper. A 4% 
stacking gel containing; 3.75ml distilled water, 5ml BX2 (0.25M Tris pH 6.8), 1ml 
Acrylamide: Bisacrylamide (40% stock), 100pl ammonium persulphate (20mg/ml) 
and 30pl TEMED was made and immediately added to the top of the resolving 
gel. The comb was quickly and carefully positioned in the stacking gel and the 
gel was left to set. The comb was removed, the gel tank assembled and running 
buffer containing (final concentrations) 25mM Tris, 192mM Glycine and 0.1% 
SDS was added to both reservoirs. The protein samples were denatured by 
boiling for 5 minutes in an equal volume of 2x SDS-PAGE sample buffer 
containing: 5ml BX2, 2ml 20% SDS, 4g glycerol, 0.5ml 2-Mercaptoethanol, 0.1ml 
1% Bromophenol blue, made up to 10ml with distilled water, and 20pl samples 
were loaded into the wells. Electrophoresis was carried out at 100-150V for 1-2 
hours. The gels were removed from the glass plates and stained with 
Coomassie blue stain (1.25g Kenacid brilliant blue, 125ml Propan-2-ol, 50ml
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acetic acid and 325ml distilled water) for 1 hour on a rotating table. The gels 
were destained in 125ml Propan-2-ol, 50ml acetic acid and 325ml distilled water 
until clear bands could be seen. The gels were placed on a piece of 3MM paper 
on a gel drier and covering with a piece of cling-film. The gels were dried under 
suction with a low heat for about 2 hours. Alternatively the gels were subjected 
to Western Blot.
2.3.4 Western Blot
Following PAGE the gel was equilibrated in three changes of Transfer buffer 
(25mM Tris, 192mM glycine, 20% methanol) over a 15 minute period. One sheet 
of immobilon nitrocellulose membrane and 8 sheets of 3MM paper were cut to 
the same size as the gel. The nitrocellulose membrane was soaked in methanol 
for 15 seconds and then in transfer buffer, the 8 pieces of 3MM paper were 
soaked in transfer buffer. The blot was assembled in the electro-blotting 
apparatus as follows: 4 pieces of 3MM paper were staked on the bottom of the 
apparatus, the nitrocellulose membrane was placed on this stack, the gel was 
placed on the nitrocellulose membrane and the 4 remaining sheets of 3MM were 
stacked on top. Air bubbles were removed by gently rolling across the stack. 
The lid was closed and the proteins blotted from the negative (top) electrode to 
the positive (bottom) electrode at 10-15V for 30 minutes making sure the current 
did not exceed 5.5mAmps/cm^.
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2.3.4.1 Immuno-staining the Western Blot
Any non-specific sites on the blot were blocked overnight at 4°C in blocking 
solution containing 15% Marvel in wash buffer (final concentrations: 0.02M Tris, 
0.14M Sodium Chloride and 0.1% Tween 20). The blot was then transferred to a 
50ml tube containing a 1:10,000 dilution of antibody using blocking solution as 
the diluent and incubated at room temperature for 1 hour on a rotator. The blot 
was washed twice for 30 seconds and twice for 10 minutes in fresh wash buffer 
each time. The blot was transferred to a 50ml tube containing 1:2,500 anti-rabbit 
immunoglobulin horse-radish peroxidase conjugate diluted with blocking solution 
and incubated at room temperature for 1 hour on a rotator. The blot was then 
washed as above and incubated with Ghemi-luminescent substrate for 2 minutes 
at room temperature in a dark room. The blot was wrapped in cling-film and 
placed in a film cassette with the protein side facing upwards. The X-ray film was 
placed against the blot and the film exposed for varying lengths of time from 5 
seconds to 5 minutes and developed using conventional methods.
2.3.5 Protein Concentration
The truncated Hawaii capsid proteins were concentrated by ultra-filtration using a 
Gentriplus concentrator 30 unit. The protein was added to the sample reservoir 
and centrifuged at 3000g 4®G for 40 minutes. The retentate vial was then placed 
over the sample reservoir, inverted and centrifuged at 2000g for 3 minutes to 
transfer the concentrate to the retentate vial.
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2.3.6 Protein Estimation
The concentration of viral proteins was measured using a Bio-Rad protein assay. 
The standards were prepared by performing 1 ;2 serial dilutions of 1.6mg/ml BSA 
to give final concentrations of 1.6, 0.8, 0.4, 0.2 and 0.1 mg/ml BSA. The sample 
was prepared by adding 2.5pl viral protein to 22.5pl distilled water. 2ml reagent 
A was added to 40pl reagent 8 and 125pl was added to each of the protein 
standards and sample. 1ml reagent B was added and mixed immediately and 
incubated at room temperature for 15 minutes. The absorbance was measured 
at 750nm and the results plotted on a graph.
2.3.7 Production of antibodies to expressed proteins
Antibodies to the purified truncated Hawaii capsid protein were raised in rabbits.
The rabbits were immunised with two injections of 0.5ml volume each of the 
purified protein including adjuvant on each occasion. The initial immunisation 
consisted of 2 intramuscular injections of SOOpg purified protein each in Freunds 
complete adjuvant. This was followed by two booster injections of 250pg purified 
protein in Freunds incomplete adjuvant. Test bleeds were taken two weeks after 
the second inoculation and terminal bleeds were taken two weeks after the final 
booster injection. The immunisation work was carried out by a member of the 
Experimental Biology Unit at the University of Surrey. The blood was left to clot 
and the serum separated and stored in 1ml aliquots at -70°C.
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CHAPTER 3
DETECTION OF NOROVIRUSES 
IN SHELLFISH
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3.1 INTRODUCTION
A variety of methods have been reported for the detection of human enteric 
viruses in shellfish. These methods are generally time consuming and labour 
intensive involving numerous extractions to release viruses from shellfish tissues 
and isolate the viral RNA. The first objective of this project was to establish 
published procedures for the routine detection of norovirus in shellfish for use by 
the food industry. Noroviruses cannot be grown in cell culture therefore a 
synthetic Norovirus RNA transcript was generated for use as a positive control by 
in vitro transcription of a cloned PCR product.
RNA was extracted from contaminated oysters using guanidium isothiocyanate 
(GITC) and commercially available mini-spin columns (Qiagen). Norovirus RNA 
was then detected using a two-step Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR) (Lees et al., 1994) and compared to results gained using a 
commercial one-step RT-PCR kit (Qiagen). The methods developed were tested 
using faecal samples positive for Noroviruses and these were also used to spike 
shellfish purchased from supermarkets. Shellfish taken from estuaries likely to 
be contaminated with human enteric viruses were also tested. Feline calicivirus 
(FCV) was used as a cultivable model for norovirus in order to estimate the limit 
of detection of infectious virus.
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3.2 METHOD DEVELOPMENT
3.2.1 Detection of FCV and Norovirus in sheiifish samples
3.2.1.1 Sample Preparation
This method was developed using commercially acquired oysters spiked with 
FCV or the Norovirus template. The shellfish were rinsed with tap water and 
shucked to obtain 25g of shellfish meat and liquor. This was homogenised using 
a Kenwood blender and divided into 10 x 2.5g aliquots. Spiking with FCV was 
carried out using ten-fold serial dilutions of virus or Norovirus RNA transcript 
(lOOpI per sample) added before RNA extraction. Naturally contaminated 
shellfish and commercial shellfish were tested using 2.5g samples.
3.2.1.2 Extraction of RNA from shellfish
3ml of 6M guanidium isothiocyanate (GITC) was added to each homogenised 
shellfish sample and mixed vigorously. Samples were then clarified by 
centrifugation at 5000 rpm for 10 minutes. The supernatant was transferred to 
fresh tubes and the pellet resuspended in 2ml 6M GITC and centrifuged again as 
before. The supernatants were pooled and the pellets discarded. The 
supernatants were extracted with a 0.5 volume of trichlorotrifluoroethane (Sigma) 
and centrifuged as before. The number of grams of processed shellfish 
represented by 1 ml of supernatant was calculated and a volume equivalent to 1g 
of shellfish was added to a fresh tube. The RNA was extracted using an RNeasy 
Maxikit (Qiagen): in brief Maxikit buffer (RPE) was added to adjust the total 
volume of lysate to 15ml mixed vigorously. The mixture was centrifuged and the
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supernatant transferred to a fresh tube. An equal volume of 70% ethanol was 
added to the supernatant and mixed by vigorous shaking before applying to an 
RNeasy Maxi column. The samples were centrifuged to allow the RNA to bind to 
the silica-gel membrane in the column, and the flow-through was discarded. The 
columns were washed in wash buffer (RPW). The columns were then 
centrifuged for 10 minutes to dry the membrane. Columns were transferred to 
fresh collection tubes and the RNA eluted by adding 1.2ml of RNase-free water 
directly to the silica membrane and leaving to stand for 1 minute before 
centrifugation. This elution step was repeated using the first eluate in order to 
obtain a higher total RNA concentration.
3.2.1.3 Detection of viral RNA in sheiifish extracts
Viral RNA extracted from shellfish samples was detected by RT-PCR as
described in chapter 2 using the primers described in table 3.1 and 3.2 as 
derived from the method of Green et al, (1998). The FCV primers were designed 
in house to resemble Norovirus primers in size and Tm and to generate 
amplimers of a similar size such that the RT-PCR could be preformed under 
similar conditions as for Norovirus.
3.3 RESULTS & DISCUSSION
3.3.1 Cloning of Norovirus (Middiesborough).
Norovirus cDNA was cloned to provide a positive control. RNA extracted from a 
Norovirus positive (Middiesborough) faecal sample obtained from a 1988
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Table 3.1 Primer sequences for the detection of Noroviruses
Primer Orientation Target
genogroup
Genomic
location
DNA sequence
Gl Sense 1 4679-
4696
TCNGAAATGGATGTTGG
Gil Sense II 4338-
4355
AGCCNTNGAAATNATGGT
SM31 Antisense 1 4871-
4853
CGATTTCATCATCACCATA
II 4607-
4588
NI Sense 1 4756-
4776
GAATTCCATCGCCCACTGGCT
II 4492-
4512
E3 Antisense 1 4869-
4853
ATCTCATCATCACCATA
II 4605-
4588
The genomic locations (in nucleotides) for genogroup I and genogroup II 
Norovirus strains refer to Norwalk virus and Lordsdale virus respectively. Primers 
described by Green et al, 1998.
Table 3.2 Primer sequences for the detection of Feline Calicivirus
Primer Orientation Genomic
location
DNA sequence
320For Sense 320-338 CCTGAGGACTTGGTTAAT
572Rev Antisense 572-553 TCGCAGTAGTTTGGAGAAT
424For Sense 424-445 AGTCATGGCTGAGGCGATGCT
520Rev Antisense 520-537 C AAG AG GTTTAGAGAAG
The genomic locations (in nucleotides) are with reference to Feline Calicivirus 
strain 5 (FCV5).
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outbreak at Poole Hospital, Middlesbrough was amplified by PCR using the 
GI/GII and SM31 primer pairs (table 3.1). These primer pairs amplify a product of 
different size from each genogroup of the virus: 270 base pair (GII-SM31) or 190 
base pair (GI-SM31) from the RNA polymerase gene (figure 3.1). A 270 base 
pair amplicon was produced (figure 3.2a) indicating that the Middiesborough 
sample was a genogroup II Norovirus. This was confirmed by nested PCR using 
the N1-E3 primer pair which resulted in the production of a 113 base pair 
amplicon (figure 3.2b).
The 270 base pair amplicon was gel purified and cloned into a pGEM®-T Easy 
plasmid vector transformed into competent E. coli DH5aF’ cells. Eight white 
colonies were selected and termed pNV1-8. Minipreps of the plasmid DNA were 
performed and the DNA analysed for the presence of the desired insert by Not I 
restriction digestion. The plasmids were purified using a commercial mini-kit 
(Qiagen) and sequenced in-house (figure 3.3). They were confirmed as 
containing a Norovirus insert using the NCBI blast programme 
(www.ncbi.nlm.nih.gov/blast).
3.3.2 Production of RNA template
Template RNA was produced from Psf-1- linearised plasmids as described 
(section 2.2.2.5). Product was analysed on both native (TBE) and denaturing 
(MOPS) agarose gels. RNA of the expected length was detected. Secondary 
structures affect migration of the RNA through TBE gels resulting in a smear of
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Figure 3.1 Schematic diagram for the detection of Noroviruses by PCR
and Nested PCR
5’ 2C 30 pol
146
ORF 1
7753
VP3 AAA 3’
5359 6938 7573
ORF 3
ORF 2
5346 6935
G2 G l N1
4500 5000
SM31
E3
-j G2/SM31 270 bp 
-| G 1/S M 31190bp  
N 1/E 3113bp
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Figure 3.2 Amplification of RNA from a Norovirus positive faecal sample
by RT-PCR and nested PCR.
M 1
300bp
200bp
J-è— î * t
270bp
P C R
product
Figure 3.2a 1.2% TBE gel showing RT-PCR products (M) lOObp marker (1) 
Control RT-PCR (2) RT-PCR product using I.OpI RNA from Norovirus positive 
faecal sample as a template (3) RT-PCR product using 0.5pl RNA (4) Negative 
control.
M 1 2 3 4
200bp
100bp
113bp
nested
P C R
product
Figure 3.2b 1.2% TBE gel showing nested PCR products (M) lOObp marker (1) 
Negative control (2, 3 & 4) Nested PCR product using I.Opi first round RT-PCR 
product as a template.
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RNA of varying sizes (between 281 and 623 base pairs) whereas the denaturing 
gel eliminates secondary structures and shows more clearly that RNA of the 
desired size have been produced (figure 3.4). The positive control (supplied with 
kit) produced the expected 125 base pair transcript. The method incorporates a 
DNAse plasmid degradation step and the results indicate that the ratio of RNA 
transcript to plasmid DNA is very high. Additional elimination was also achieved 
when required by exploiting the EcoR1 site present in the centre of the 
Middiesborough cloned DNA. Gel analysis of the blank reaction (performed 
without RNA polymerase) showed loss of detectable plasmid and this was 
confirmed by PCR using the RNA as a template. PCR of this material (without 
RT) failed to yield a DNA product (figure 3.5).
3.3.3 PCR Analysis of Norovirus cDNA and RNA Transcripts.
The concentration of Norovirus recombinant plasmid DNA was determined
spectrophometrically as 138pg/ml. The limit of detection of the plasmid DNA by 
PCR was determined and found to equate to 38 copies (figure 3.6; appendix 1). 
Detection of RNA transcript proved much less efficient; RNA yield from the in 
vitro transcription was estimated as 186ng/pl by incorporation of radio-labelled 
UTP (appendix 2). Ten-fold serial dilutions of the RNA were carried out and 
subjected to RT-PCR to determine the limit of detection. The results (figure 3.7) 
indicate that the limit of detection of the RNA template was approximately 10® 
copies of RNA (corresponding to 18.6pg). This was a surprising result given the 
apparent sensitivity of DNA detection and thus suggested that either the RNA
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Figure 3.4 Production of Norovirus mRNA transcripts
623bp 
281 bp
M 1
Figure 3.4a RNA transcripts shown on a 1.2% TBE gel (M) 0.28-6.58kb RNA 
marker (1) Blank (2 & 3) Norovirus mRNA transcripts (4) Positive control (5) 
Blank (6) Norovirus RNA.
M 1 2 3 4 5 6
623bp 
281 bp
Figure 3.4b RNA transcripts shown on a denaturing (MOPS) gel (M) 0.28- 
6.58kb RNA marker (1) Blank (2 & 3) Norovirus mRNA transcripts (4) Positive 
control (5) Blank (6) Norovirus RNA.
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Figure 3.5 Confirmation of plasmid degradation by PCR and RT-PCR
300bp
200bp
270bp RT-PCR product
Figure 3.5 1.2% TBE gel showing PCR products confirming degradation of the
contaminating plasmid DNA present during the production of the Norovirus RNA 
transcripts (M) lOObp DNA marker (1 & 2) expected PCR product from I.OpI 
template RNA indicating that degradation of plasmid DNA contaminating the RNA 
has occurred as a product has not been amplified by PCR alone (3 & 4) RT-PCR 
product using I.OpI template RNA indicating that the RNA has not been 
degraded (5) Negative control.
94
Figure 3.6 Detection of the Norovirus plasmid DNA by PCR.
M 1 2 3 4 5 6 7 8 9 10 11 12 13
Figure 3.6 1.2% TBE gel showing PCR products with dilutions of Norovirus
plasmid DNA used as a template (M) lOObp DNA marker (1) Negative control (2) 
Clear (3) 3.8 x 10^° copies (4) 3.8 x 10® copies (5) 3.8 x 10® copies (6) 3.8 x 10  ^
copies (7) 3.8 x 10® copies (8) 3.8 x 10® copies (9) 3.8 x 10"^  copies (10) 3.8 x 10® 
copies (11) 3.8 x 10  ^copies (12) 3.8 x 10^  copies (13) 3.8 copies template DNA.
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Figure 3.7 Detection of the RNA template by 
RT-PCR.
M 1 2 3 4 5 6 7 8 9 10 11 12 13 14
itMW
Komw
Figure 3.7 1.2% TBE gel showing RT-PCR products with dilutions of
Norovirus RNA used as a template (M) lOObp DNA marker (1) Negative control 
(2) 1.28 copies RNA (3) 1.28 x 10^  copies RNA (4) 1.28 x 10^  copies (5) 1.28 x 
10® copies (6) 1.28 x 10"^  copies (7) 1.28 x 10® copies (8) 1.28 x 10® copies (9) 
1.28 X  10  ^copies (10) 1.28 x 10® copies (11) 1.28 x 10® copies (12) 1.28 x 10 °^ 
copies (13) 1.28 x 10^  ^ copies (14) 1.28 x 10^  ^copies template RNA.
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produced is of poor quality or that the RT-PCR is not very efficient in this 
application: the RNA may not be effectively reverse transcribed or cDNA 
produced may be inefficiently amplified. The sensitivity of the RT-PCR may be 
limited by the reverse transcription reaction itself or “carry over” of inhibitory 
materials from this reaction into the PGR stage. This was investigated by 
amplification of DNA template either directly or following a mock RT treatment. 
The results (figure 3.8) indicated that inclusion of a reverse transcription step 
greatly decreases the efficiency of subsequent PGR amplification of DNA and 
amplification was at least 100 fold less sensitive. Furthermore, evaluation of this 
method in the commercial setting indicated that a two-tube nested PGR reaction 
was subject to false positive results and was unsuitable for high throughput 
screening. Thus attempts were made both to improve sensitivity as applied to 
RNA and to eliminate the possibilities for contamination by adopting a one tube 
PGR exploiting increased cycle rounds.
The commercially available “One-step RT-PGR™” (Qiagen) combines the 
reverse transcription and PGR into a single tube optimised reaction mix where 
the inhibitory effect of RT materials should be minimised. This approach is 
quoted as detecting as few as 10 copies or 1 pg of template RNA (Qiagen 
product literature). The results shown in figure 3.9 indicated a ten-fold 
improvement in the limit of RNA detection. However there were also indications 
that this One-Step reaction might result in more non-specific amplification.
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Figure 3.8 Detection of the Norovirus plasmid DNA by
RT-PCR and PGR.
M 1 2 3
Figure 3.8 1.2% TBE gel showing (A) RT-PGR products and (B) PGR products
with dilutions of Norovirus plasmid DNA used as a template (M) lOObp DNA 
marker (1) Negative control (2) 3.8 x 10  ^copies (3) 3.8 xIO^ copies (4) 3.8 x 10®
copies (5) 3.8 x 10°copies (6) 3.8 x 10^° copies
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Figure 3.9 Detection of Norovirus RNA by One-Step
RT-PCR.
M 1  2 3 4 5 6 7 8 9  10
Figure 3.9 1.2% TBE gel showing RT-PCR products from a One-Step RT-PCR
with Norovirus RNA as a template (M) lOObp DNA marker (1) Negative control 
(2) 1.28 X 10  ^ copies (3) 1.28 x 10® copies (4) 1.28 x 10® copies (5) 1.28 x 10  ^
copies (6) 1.28 x 10® copies (7) 1.28 x 10® copies (8) 1.28 x 10 °^ copies (9) 1.28 
x IO^ copies (10) 1.28 x 10^  ^copies.
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Quantitation of the sensitivity of conventional PCR reactions has always been 
problematic. The majority of published papers have determined the sensitivity of 
their RT-PCR procedures by reference to serial dilutions of faecal Norovirus. 
However the actual number of RNA copies in these samples was frequently not 
known and could be very high (millions). Thus the sensitivity limits reported in 
many cases do not necessarily equate with the actual numbers of RNA target in 
the samples. More recently Q-RTPCR data has given some absolute numbers in 
such cases and this data is discussed in Chapter 6. However at the time of this 
work this approach was not available therefore a second approach was adopted 
using infectious feline calicivirus to determine sensitivity limits in terms of 
biological activity of virus rather than DNA equivalents or RNA transcripts.
3.3.4 Detection of FCV by RT-PCR.
A stock of FCV was produced (3.5x1 O^pfu/ml) and serially diluted for RNA 
extraction (lOOpI per dilution). Total RNA was eluted in 60pl water and a 5pl 
aliquot was subjected to RT-PCR with FCV primers (table 3.2). The two-step RT- 
PCR used 45 amplification cycles and detectable product was obtained from 
2.9pfu equivalents in the RT-PCR reaction. The one-step method showed again 
a 100 fold improvement in detection and a derived sensitivity limit of at least 
0.029 pfu (figure 3.10).
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Figure 3.10 Detection of FCV by conventional two-step and
One-Step RT-PCR.
M 1 2 3 4 5 6 7 8 9  10 11
Y'
Figure 3.10a 1.2% TBE gel showing RT-PCR products produced using a two- 
step RT-PCR with different [FCV] in RT-PCR mix (M) lOObp DNA marker (1) 
Negative control (2) 2.9x10'®pfu/ml (3) 2.9x10'^pfu/ml (4) 2.9x10'^pfu/ml (5) 
2.9x10°pfu/ml (6) 2.9x1 O^pfu/ml (7) 2.9x1 O^pfu/ml (8) 2.9x10®pfu/ml (9) 
2.9x10'^pfu/ml (10) 2.9x10®pfu/ml (11) FCV RNA positive control.
M l  2 3 4 5 6 7 8 9  10
Figure 3.10b 1.2% TBE gel showing One-step RT-PCR products using different 
[FCV] in RT-PCR (M) lOObp DNA marker (1) Negative control (2) 2.9x10'®pfu/ml 
(3) 2.9x10'^pfu/ml (4) 2.9x10'^pfu/ml (5) 2.9x10°pfu/ml (6) 2.9x1 O^pfu/ml (7) 
2.9x10^pfu/ml (8) 2.9x10®pfu/ml (9) 2.9x10Vfu/mI (10) 2.9x10® pfu/ml.
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3.3.5 Application of deveioped methods for the detection of FCV and 
Norovirus in spiked shellfish sampies
Any method for detection of viruses in foodstuffs must be applicable to food 
matrices. Thus the efficiency of the method was evaluated in shellfish extracts. 
Serial dilutions of FCV (at a starting concentration of 9.0x10®pfu/ml) were 
prepared and lOOpI of each dilution was added directly to oyster samples 
containing the equivalent of 1 g of processed tissue. Total RNA was extracted 
from each sample and eluted in 1.2ml. 5pl was then analysed in the one step 
RT-PCR. The limit of detection derived was 9.0x10"  ^pfu per gram of oyster tissue 
or 3.75x10^ pfu in the sample actually used for RT PCR (figure 3.11). The same 
approach also proved capable of detecting artificial contamination of shellfish 
with synthetic Norovirus RNA transcripts, an estimated 1.0x10^^ (186ng) RNA 
transcript molecules per g of oyster or 4.1x10® molecules in the RT-PCR itself 
were detected. No Norovirus was detected in samples obtained from North 
Devon which were likely to have been naturally contaminated or in 
hepatopancreas samples provided by CEFAS Weymouth which had proved 
positive in their assay. These data suggest that the assay as developed here 
was no improvement on established methods (Green et al, 1998) although those 
would be unlikely to be applicable to high throughput commercial use.
3.3.6 Detection of Norovirus in faecal samples
Norovirus genogroup 2 RNA was extracted from a faecal sample known to 
contain small round structured viruses by microscopy and supplied by Prof C R 
Madeley (retired) of the University of Newcastle upon Tyne. RNA was also
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Figure 3.11 Detection of FCV in spiked shellfish samples by One-Step
RT-PCR
M 1 2 3 4 5 6  7 8 9  10 11
IP
Figure 3.11 1.%% TBE gel showing the detection of FCV in spiked oyster
samples (M) lOObp DNA marker (1) Oyster sample only (2) 3.75x10'^pfu (3) 
3.75x10°pfu (4) 3.75x1 OVfu (5) 3.75x1 O^ pfu (6) 3.75x10®pfu (7) 3.75x10V u  (8) 
3.75x10®pfu (9) Clear (10) Negative control (11) FCV RNA control.
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extracted from 6 Norovirus (Grimsby virus) ELISA positive faecal samples 
provided by the PHLS. All samples were analysed by the PCR procedure 
developed above and Norovirus RNA was detected in 2 out of the 6 samples 
(figure 3.12). Faecal samples from an outbreak of viral gastroenteritis (Frimley 
Park Hospital) found to be positive for genogroup 1 and 2 Norovirus by ELISA 
were also tested but Norovirus RNA was not detected in any. However Norovirus 
is known to produce large quantities of soluble antigen, reactive in ELISA but 
which is not particulate and does not contain virus RNA. It is interesting that 
samples shown to be positive for the presence of intact virions did show positive 
PCR reactions.
3.4 CONCLUSIONS
The aim of this chapter was to develop an easy to use procedure for the routine 
detection of Norovirus in shellfish in a commercial high throughput setting. A 
method was successfully developed and applied to both FCV and Norovirus 
detection in shellfish and faecal samples. Sensitivity limits determined with 
respect to infectious virus were broadly in line with those determined elsewhere 
(Atmar et al, 1993; Deng et al, 1994; Lees et al, 1994). However, those 
determined in relation to RNA target molecule number indicated a lack of 
sensitivity. The method developed here improved this situation ten-fold but did 
not reach levels suitable for application in the desired context.
104
Figure 3.12 Detection of Norovirus in faecal samples by
One-Step RT-PCR
M 1  2 3 4 5 6 7 8
'Me.
Figure 3.12 1.2% TBE gel showing the detection of Norovirus in faecal samples
(M) lOObp DNA marker (1) Negative control (2-7) RT-PCR products from RNA 
extracted from faecal samples (8) lOng Norovirus RNA control.
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FCV was used as a model virus in order to indicate the limit of detection of 
infectious virus. In buffer this was less than 1 plaque forming unit, however in 
shellfish extract levels of 10^pfu/g were required for detection. Shellfish bio- 
accumulate viruses from their environment and levels of contamination may be 
high, certainly they could exceed this level. However Norovirus has a low 
infectious dose and could transmit infection in shellfish contaminated to levels 
below this detection limit. For these reasons it is unlikely that this assay could be 
applied in routine food testing without further development. This approach has 
now largely been superceded by the introduction of quantitative Real time RT- 
PCR approaches such as Taqman (Kageyama et al, 2003; Nishida et al, 2003) 
and Sybyr green based methods (Beuret, 2004; Laverick et al, 2004; Miller et al, 
2002; Richards et al, 2004). Thus further development of this system was 
discontinued.
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CHAPTER 4 
UPTAKE OF VIRUSES BY PLANTS
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4.1 INTRODUCTION
The possibility that plants might take up viruses through their roots was studied 
briefly in the early 1980’s. Ward and Mahler (1982) developed a model system to 
investigate this possibility. Corn and bean plants were grown using a hydroponic 
system and the roots of the plants were cut just prior to addition of bacteriophage 
f2 to the growth solution. The plants were harvested and the amount of any virus 
taken up was determined by plaque assay. Bacteriophage was found to be taken 
up and transported to all parts of the plant examined. In a similar study, root 
damage was induced in cucumber, pepper and lettuce plants grown in both 
hydroponic and a conventional manners before exposure to high titres of 
poliovirus. In this study viruses were found in both damaged and undamaged 
roots but not in the aerial parts of the plants (Katzenelson & Mills, 1984). No 
other published methods regarding the uptake of viruses by plants have been 
found. Therefore the objective of this study was firstly to determine whether 
viruses can be taken up and internalised by plants grown in virally contaminated 
media, thus providing a potential threat to consumers, and secondly to develop 
an extraction method and RT-PCR procedure for the routine detection of viruses 
in plant material.
4.2 DEVELOPMENTOF METHODS
An experimental system was designed for these investigations based on the 
cress plant. This was chosen because the plants are cheap, grow rapidly and
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are small enough to permit replicate samples. Finally cress itself is a salad 
vegetable consumed whole without cooking.
4.2.1 Uptake of Virus by Plants
4.2.1.1 Growth of cress plants
To prevent surface contamination of plant material we developed a two layer 
system for their growth. The cress plants were grown in agar Petri dishes 
containing two layers of substrate (shown in figure 4.1). The lower layer 
contained equal volumes of double strength agar (3% bactoagar in distilled 
water) containing 5% diatomaceous earth (Sigma) and different concentrations of 
bacteriophage MS2 or FCV. This layer was intended to mimic natural abrasion of 
roots as they grow through the soil and thus permit us to examine uptake under 
more natural conditions than those reported above. This layer was left to harden 
and overlaid with 1.5% agar containing 5% diatomaceous earth. The cress 
seeds were spaced out on the top agar at equal intervals and left to germinate in 
a humid propagator at 22°C with illumination for 5 days. Seeds and aerial parts 
of the plant thus never contact directly the virus-contaminated agar. The plants 
were harvested by cutting at the base of the stems, weighed in groups of 5, and 
stored at 4°C until used. Cress plants were also grown as above on agar 
containing no virus for use as negative controls and for spiking experiments. The 
cress plants were homogenised in 5 ml phosphate buffered saline (PBS) for 2 x 
30 seconds bursts using an ‘Ultra-Turax’ hand-held homogenizer with disposable
109
Figure 4.1 Cress-vîrus uptake system
Cress seeds 
germinate on 
top agar
Upper layer: 
agar containing 
diatomaceous 
earth
Lower layer: agar containing 
diatomaceous earth and virus 
suspension
Figure 4.1 Agar containing diatomaceous earth was inoculated with virus, and 
overlaid with agar containing diatomaceous earth only. Cress seeds were 
germinated on the surface of the overlay, to prevent contamination of the seeds, 
so only the roots come into contact with the virus as they grow.
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plastic rotors. The homogenate was clarified by centrifugation at 4000g, 4°C for 
10 minutes and the supernatant transferred to fresh tubes.
4.2.1.2 Extraction of RNA from cress samples
The supernatant was mixed with an equal volume of acetone at room
temperature to precipitate the macromolecules which were collected by 
centrifugation and the supernatant was discarded. The pellet was resuspended 
in lOOpI sterile water and the RNA extracted using an RNeasy plant minikit 
following the manufacturers protocol (Qiagen) (step 3 onwards). Briefly, a buffer 
was added to disrupt the tissue and the lysate transferred to a ‘Qiashredder’ spin 
column to remove cell debris and homogenize the sample. The cleared lysate 
was mixed with ethanol and applied to an RNeasy spin column. The RNA 
adsorbed to the silica membrane was washed and eluted in a total volume of 
60pl RNase-free water.
4.2.1.3 Detection of Virus
Plaque assays were performed (section 2.1.3.2 & section 2.1.3.6) using the 
supernatant prepared as described above (4.2.1.1). Conventional RT-PCR, 
nested PCR and one-step RT-PCR was performed on RNA extracted from the 
cress samples.
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4.3 RESULTS & DISCUSSION
4.3.1 Uptake of bacteriophage MS2 by cress plants
Initially bacteriophage MS2 was used to model calicivirus uptake by cress plants.
These viruses are similar in size and both have an RNA genome. A stock of 
5x1 O^pfu/ml bacteriophage MS2 was prepared and added to agar containing 
diatomaceous earth and the cress plants grown as described. The cress plants 
successfully grew on the surface of the agar with the roots penetrating the lower 
layer containing the virus, as shown in figure 4.2. The plants were harvested and 
plaque assayed and the results shown in figure 4.3 indicate that uptake of MS2 
by cress plants does occur. The results indicate a dose responsive uptake 
although it was noted that batch to batch variation was high. Even at high inputs 
of virus some batches showed no contamination at all, but plotting all data 
showed a general trend of increasing uptake with increasing virus load.
4.3.2 PCR for FCV RNA detection in plant extracts
FCV was also used to model Norovirus uptake by cress plants using the same
experimental system. Virus containing layers were contaminated to different 
levels using a stock virus of titre 1x10^ pfu/ml. Plants were grown, harvested and 
processed generating both RNA extracts and control lysates. Lysates from the 
cress plants grown on agar without virus were spiked with dilutions of stock FCV 
and the RNA extracted as described. Any virus taken up was detected using a 
PCR assay. A conventional two-step system RT-PCR system where RT 
reactions were followed by PCR in the same tube was used. The product of this 
reaction was then used in a nested PCR. A one-step reaction in which RT and
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Figure 4.2 Cress plants growing on agar containing diatomaceous earth
and virus
B
Figure 4.2 (A) shows growth of cress plants on the surface of the agar
containing diatomaceous earth (8) shows penetration of the roots to the lower 
agar layer containing diatomaceous earth and virus.
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PCR were performed sequentially in the same tube was also used. All of these 
reactions have been described in Chapter 2.
The first round two-step RT-PCR produced a 270bp product as expected (figure 
4.4.a). The limit of detection of FCV RNA in plant extracts using this method was 
determined by dilution of stock virus in spiked samples as 1.25x10'^pfu. Nested 
PCR analysis of this material (using the 424For and 520Rev primers) generated 
the expected 113 bp product and an additional band at 165b (figure 4.4b). Both 
these products were cloned and sequenced. The smaller product contained the 
sequence expected whilst the larger contained this sequence plus an additional 
50 bases (figure 4.5). The sensitivity was increased by addition of the nested 
step giving a limit of sensitivity of 1.25x10^pfu. However this method was 
subsequently discontinued since negative controls revealed common occurrence 
of contamination.
The one-step RT-PCR method also generated a product of the expected size 
(270bp) in the cress samples spiked with higher titres of virus. However a product 
of just over 600bp was also seen (figure 4.6). This product may have resulted 
from non-specific binding of the FCV primers with cress RNA as it is also seen in 
the cress samples that were not spiked with virus. The limit of detection of FCV 
in spiked samples is 1.25x10^pfu. Therefore this reaction appears to be more 
sensitive then using the conventional two-step RT-PCR.
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Figure 4.4 Detection of FCV in spiked cress samples by RT-PCR and
nested PCR
7 8 9 10 1 2 3
1.2% TBE gel showing First round (A) and nested (B) PCR products using RNA 
extracted from cress extracts spiked with dilutions of FCV (1) lOObp marker (2) 
Negative control (3) 1.25x10^pfu (4) 1.25x1 O^ pfu (5) 1.25x1 O^ pfu (6) 1.25x10'^pfu 
(7) 1.25x10V u  (8) 1.25x10V u  (9) 1.25x10V u  (10) Control FCV RNA.
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Figure 4.6 One-step RT-PCR of FCV spiked cress extracts
1 2 3 4 5 6 7 8 9 10 11 12
Figure 4.6 1.2% TBE gel showing One-step RT-PCR products using RNA
extracted from cress extracts spiked with dilutions of FCV (1) Cress only (2) 
1.25pfu (3) 1.25x10’pfu (4) 1.25x10^pfu (5) 1.25x10^pfu (6) 1.25x10"pfu (7) 
1.25x10®pfu (8) 1.25x10®pfu (9) 1.25x10^pfu (10) lOObp marker (11) Negative 
control (12) Positive control FCV RNA.
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4.3.3 Experimental uptake of FCV via the roots
Cress plants were grown on agar containing diatomaceous earth and FCV as 
described. The extract produced from the cress plants was used both to 
inoculate CRFK cells and for RNA extraction. The RNA was detected by both 
conventional and one-step RT-PCR in order to correlate the RT-PCR results with 
infectious virus uptake. The RT-PCR results shown in figure 4.7 and 4.8 indicate 
that FCV has been taken up by cress plants grown on 2.5x10V u  FCV. The 
nested results indicated that FCV might be taken up at even lower dilutions but 
persistent contamination problems in the negative controls meant that we were 
unable to confirm this suggestion. The detection of FCV in cress extracts could 
not be correlated with uptake of infectious FCV by plaque assay as the cress 
extracts appeared to have a cytopathic effect resulting in the destruction of the 
CRFK cell sheet.
4.3.4 Discussion
The two-layer approach was developed to ensure that the seeds were never in 
contact with the virus, thereby eliminating the risk of external contamination, and 
the diatomaceous earth was used to provide a more natural system to mimic root 
damage caused by soil abrasion. Cress plants were chosen since they are small 
rapidly growing plants which are easy to manipulate. However they have a high 
stem to leaf ratio which may limit transpiration thereby decreasing the amount of 
virus uptake compared with other plants such as lettuce. This effect may be 
compounded by the humid atmosphere in the propagator (required to prevent the
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Figure 4.7 Detection of FCV in cress plants grown on agar containing
diatomaceous earth and virus
B
V . ' -6.
Figure 4.7 1.2% TBE gel showing (A) First round and (B) nested PCR
products using RNA extracted from plants grown on diatomaceous earth 
containing FCV. (1) lOObp marker (2) Cress plants only (3) 5 x 10^pfu FCV (4) 
2.5 X  10V u  (5) 5 X  10V u  (6) 1.25 x 10V u  (7) 2.5 x 10®pfu FCV (8) Spiked 
cress extract (1.25 x 10V u ) (9) Control FCV RNA (not shown in B).
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Figure 4.8 Detection of FCV in cress plants by one-step RT-PCR
"PiC’À Wj
Figure 4.8 1.2% TBE gel showing One-step RT-PCR products using RNA
extracted from plants grown on diatomaceous earth containing FCV. (1) lOObp 
marker (2) Negative control (3) FCV RNA positive control (4) 5 x 10^pfu (5) 5 x 
10^pfu (6) 2.5 X  10^pfu FCV (7) Spiked cress extract (1.25 x 10V u).
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agar from drying out). Both these factors could mean that the cress system may 
underestimate the potential for virus uptake in plants that have a greater water 
movement through their tissues. A second factor concerns the experimental 
design that may limit virus movement in the substrate. It is assumed that virus 
movement would be inhibited by the agar and thus the system relies on the roots 
growing into contact with a static virus, rather than virus being drawn into the 
roots via fluid flow. The significance of this factor is not currently clear since virus 
in natural soils may be adsorbed to the surface of clays or silicates and thus may 
not be free either. This suggests that the cress uptake system may under­
estimate virus uptake by larger salad crops and fruits grown under more natural 
conditions.
4.4 CONCLUSIONS
Previous studies addressing virus uptake by plants have concentrated on 
hydroponic systems where artificial root damage was essential to promote 
uptake. The aim of this study was to determine whether viruses can be taken up 
and internalised by plants grown under more natural conditions where root 
damage may be induced by soil abrasion. The results indicate that this can take 
place. Model viruses, such as bacteriophage MS2 and FCV, can be taken up by 
plants grown on virally contaminated media however high input levels of virus are 
likely to be required. The extraction method and RT-PCR procedure developed 
during this study was successfully used to detect FCV in plant material with the 
one-step RT-PCR producing much clearer results. The sensitivity of the nested
122
PCR resulted in difficulties in preventing contamination which is likely to have 
occurred during the RNA extraction phase.
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CHAPTER 5
ANALYSIS OF NOVEL ANTISERA FOR NOROVIRUS
DÈtËCTION
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5.1 INTRODUCTION
The Norwalk virus genome encodes a 58kDa protein in the second open reading 
frame. When expressed in recombinant baculovirus infection this protein self­
assembled into empty virus-like particles (VLPs) (Jiang et al, 1992a). These 
VLPs have been shown to be antigenic, inducing high levels of Norwalk virus 
specific serum antibody in laboratory animals. Both antisera and the 
recombinant antigens themselves have been used to develop a range of 
serological tests detecting the presence of either antigen in the faeces 
(diagnosis) or of antibody in the general population (seroprevalence) (Green, et 
al, 1993b; Green etal, 1997; Jiang et al, 2000; Vipond etal, 2000; Richards etal, 
2003).
The three-dimensional structure of the baculovirus-expressed Norwalk virus 
capsid has been determined (Prasad et al, 1994). The empty capsids were 
found to be composed of 90 dimers of capsid protein forming arch-like 
capsomers arranged in such a way as to create prominent hollows. Each capsid 
protein consists of three subunits, a distal globular head domain (P2) and a stem 
domain (PI) connected via a flexible hinge to the shell domain (S). The PI 
domain is moderately well conserved whereas the P2 domain contains a highly 
variable sequence and forms the most exposed region of the particle and is 
therefore most likely to contain the cell binding site (Prasad et al, 1999). The 
variable sequence helps to prevent neutralisation by antibody and is thus likely to 
be responsible for the antigenic diversity of the Noroviruses. A ‘truncated’ Hawaii
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capsid protein in which these variable regions have been deleted had been 
created at the University of Surrey (G. Kuria, MPhil Thesis 1999). It was hoped 
that this would provide an antigen capable of inducing broad-spectrum reactivity 
that could be used to develop immuno-concentration methods for the detection of 
a range of different Noroviruses in faecal samples and eventually be used to 
detect Noroviruses in contaminated foods. The truncated gene was cloned into a 
pAcHLT plasmid vector and co-transfected with double-stranded baculovirus into 
Sf21 cells. Recombination of the plasmid and insert DNA with viral DNA resulted 
in insertion of the sequence encoding the truncated viral protein into the 
baculovirus genome for expression of recombinant protein. The present study 
set out to manufacture large amounts of this antigen, raise antiserum and 
analyse its reactivity towards various Norovirus antigens.
5.2 METHODS
5.2.1 Immuno-capture of Norovirus
Antibody was bound to Protein A Sepharose beads (Sigma) as follows. Beads 
were rehydrated and washed 3 times in RIPA buffer (0.15M Sodium chloride, 
0.01 M Tris pH7.4). 200 pi were mixed with 1 ml antiserum at room temperature for 
30 minutes. They were then washed 3 times in RIPA buffer and finally 
resuspended in 400pl of the buffer. These armed' beads had the antibody bound 
to them. Reactivity towards native Norovirus antigens was assessed using faecal 
samples provided by Frim ley Park Hospital or PHLS Colindale. These have been 
described in chapter 3. For immuno-precipitation 100 pi of faecal sample (10% in
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PBS) was mixed with 1ml of detergent mix consisting of: 1% deoxycholate, 1% 
Triton X100, 0.1% SDS and 50pl aprotinin (Sigma) in RIPA buffer in a microfuge 
tube and mixed thoroughly. The mix was clarified by centrifugation at 1500 rpm 
for 30 seconds and the supernatant transferred to a fresh tube. 50pl of the 
‘armed’ bead slurry was added to the supernatant and mixed at room 
temperature for 30 minutes. The beads were collected by centrifugation as 
above and washed using detergent mix in RIPA buffer. Bound virus was 
subsequently detected by RNA extraction and PCR.
5.2.2 RNA extraction and detection
0.5ml RNAzol B (AMS Biotechnology) was mixed thoroughly with the beads by 
pipetting. 50pl of Chloroform was added and the samples capped securely and 
shaken vigorously for 15 seconds before standing on ice for 5 minutes. The 
samples were centrifuged at 12 000 rpm (4°C) for 15 minutes to separate the 
phases. The upper (aqueous) phase was transferred to a fresh tube and an 
equal volume of isopropanol was added. The samples were then stored on ice 
for 15 minutes and centrifuged as above. The supernatant was removed and the 
RNA precipitate washed with 70% ethanol by vortexing and centrifugation for 8 
minutes at 7500rpm and 4°C. The pellet was then dried and resuspended in 
DEPC-treated water before being analysed by RT-PCR.
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5.3 RESULTS & DISCUSSION
5.3.1 Production of the truncated Hawaii capsid gene
Before large quantities of recombinant protein could be produced it was
necessary to determine the optimum time for harvest. The time course for protein 
expression following recombinant baculovirus infection was therefore determined 
using recombinant virus expressing the truncated Hawaii virus capsid. This was 
carried out as described previously (chapter 2, section 2.3.1). At the time points 
indicated growth medium and cells were harvested and analysed by SDS-PAGE 
and Western Blot (figure 5.1). The blot was immuno-stained using antibody to 
the recombinant full-length Hawaii capsid protein prepared previously at the 
University of Surrey (G Kuria, MPhil Thesis 1999). Expression of the truncated 
Hawaii capsid gene was expected to result in the production of a 48kDa protein. 
A clear band of 48kDa was detected from recombinant baculovirus infected cells 
harvested on day 5 which was not present in the uninfected cells. The results 
shown in figure 5.2 further indicate that the truncated capsid protein was 
associated with the cell pellet and was not exported into the medium. The 
expression clones were constructed using pAcHLT vectors containing an N- 
terminal 6xHis tag therefore this band may be slightly larger than expected as the 
resultant proteins are 6xHis containing fusion proteins.
5.3.2 Purification of recombinant bacuiovirus-expressed proteins
The truncated Hawaii capsid protein was identified in the cell pellet and not the
medium indicating that it was insoluble. Therefore the protein was purified using 
a denaturing method (chapter 2, section 2.3.2). The results shown in figure 5.3
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Figure 5.1 Time course for the expression of truncated Hawaii capsid 
protein by recombinant baculovirus.
M  1 2 3 4 5
62kDa
47.5kDa Truncated Hawaii capsid protein
Figure 5.1 Western Blot showing truncated Hawaii capsid protein expressed 
by recombinant baculovirus and harvested over consecutive days. The blot is 
immuno-stained with full-length Hawaii antibody. (M) Protein marker (1) 
uninfected Sf21 cells (2) recombinant baculovirus infected cells harvested on day 
2 (3) day 3 (4) day 4 and (5) day 5.
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Figure 5.2 Expression of truncated Hawaii capsid protein by recombinant
baculovirus.
M  1
62kDa
47.5kDa
5 6
Truncated Hawaii 
capsid protein
Figure 5.2 Western Blot immuno-stained with full-length Hawaii antibody. (M) 
Protein marker (1,2,3) media, lysed cell pellet and supernatant harvested from 
uninfected Sf21 cells (4,5,6) Sf21 cells infected with recombinant baculovirus 
expressing the truncated Hawaii capsid gene and (7,8,9) Sf21 cells infected with 
recombinant baculovirus expressing the full-length Hawaii capsid gene.
130
Figure 5.3 Purification of the expressed truncated Hawaii capsid protein.
M  1 2 3 4 5 6 7 8 9
62kDa
47.5kDa
Truncated Hawaii 
capsid protein
Figure 5.3 Western Blot showing the different stages of purification of the 
truncated Hawaii capsid protein. (M) Protein marker (1) cell pellet (2) lysed cells 
(3) supernatant from lysed cells (4) cell lysate added to Ni-NTA beads (5) 
supernatant after lysate bound to Ni-NTA beads (6) bead wash 1 (7) bead wash 
4 (8 & 9) eluates containing purified truncated Hawaii capsid protein.
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indicate that the eluate contained the truncated Hawaii capsid protein and some 
smaller proteins that could be cleavage products of the Hawaii protein or 
contaminants such as baculovirus proteins. The eluates were concentrated 
using a Centriplus concentrator as described (chapter 2, section 2.3.5) and the 
concentrated protein was detected by SDS-PAGE and Western blot as shown in 
figure 5.4. The protein concentration was determined (section 2.3.6) and was 
found to be approximately 2.46mg/ml.
5.3.3 Production of antibodies to the expressed protein
The concentrated protein was used to raise antibodies in rabbits as described in
chapter 2, section 2.3.7. A 1/100 dilution of the test bleed serum was used to 
immuno-stain a western blot and compared to a blot immuno-stained with the 
antibody to the full-length Hawaii virus protein. The results shown in figure 5.5 
indicate that the levels of antibody present in the test bleed were not sufficient; 
detection of the truncated antigen was stronger using antibody raised to the full- 
length protein rather than that raised to the homologous antigen. Booster 
immunisation was therefore necessary. The analysis also showed that the major 
protein present in the recombinant-baculovirus-infected cells was also present in 
control cells infected with a baculovirus expressing an unrelated antigen. This 
indicates that this protein is mostly likely to be a baculovirus protein.
Following booster immunisation, the animal was bled out and final bleed sera 
were evaluated. 1/500 dilution of this serum was compared to the reactivity of
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Figure 5.4 Concentration of the expressed truncated Hawaii capsid
protein.
M 1 2 3
62kDa ---------- ►
47.5kDa ---------- ^
Figure 5.4 Western blot showing the concentrated truncated Hawaii capsid. 
(M) Marker (1) Purified truncated Hawaii capsid protein eluate 1 (2) eluate 2 (3) 
Concentrated truncated Hawaii capsid protein used to immunise rabbit.
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Figure 5.5 Production of antibodies to truncated Hawaii
capsid protein (test bleed)
A M 1 2 3 4  B M  1 2 3 4
62kDa
47.5kDa
Figure 5.5 Western blot stained with (A) antibodies to the full-length Hawaii 
capsid protein (B) Test bleed antibodies to the truncated Hawaii capsid protein. 
(M) Marker (1) Uninfected Sf21 cell pellet (2) Sf21 infected with baculovirus cell 
pellet (3) Sf21 infected with recombinant baculovirus expressing truncated Hawaii 
capsid gene cell pellet (4) Purified truncated Hawaii capsid protein.
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antiserum raised to the full-length protein (figure 5.6). This indicated that 
antibodies had been raised to the truncated Hawaii capsid protein as a protein of 
the expected size (48kDa) could be detected in the samples containing the 
truncated Hawaii capsid protein and not the other samples. However the full- 
length Hawaii antibody appeared still to be more sensitive and gave better 
detection. There also appears to be more non-specific binding with Sf21 and 
baculovirus proteins when using the truncated Hawaii capsid antibody whereas 
the full-length antibody appeared to be more specific as it reacts only with 
baculovirus and Hawaii capsid proteins.
5.3.4 Detection of Noroviruses in faecai sampies
16 Norovirus positive faecal samples were obtained from Central PHLS Colidale
and Frimey Partk Hospital. All were known to be positive for Norovirus by either 
ELISA or PCR. The panel included members from both genogroups. All 
samples were analysed by SDS-PAGE and Western blot. The blots were 
immuno-stained with antibodies to the truncated Hawaii capsid produced above 
and compared to blots stained with the full-length antibody. The results in figure 
5.7 show that the full-length antibody reacted with proteins in 4 of the 16 faecal 
samples tested. However the protein detected appeared to be larger than the 
expected 58kDa Norovirus capsid protein (62kDa). Two of the faecal samples 
found positive here (samples 12 and 15) were known to be positive for Grimsby 
virus having been previously found to be positive by PCR (shown in figure 3.12). 
The other two samples that reacted with the full-length antibody were Gil
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Figure 5.6 Production of antibodies to truncated Hawaii
capsid protein (final bleed)
A M 1 2 3 4
62kDa
47.5kDa
I
B M 1 3 4
Truncated
Hawaii
capsid
protein
f?
Figure 5.6 Western blot stained with (A) antibodies to the full-length Hawaii 
capsid protein (B) Final bleed antibodies to the truncated Hawaii capsid protein. 
(M) Marker (1) Uninfected Sf21 cell pellet (2) Sf21 infected with baculovirus cell 
pellet (3) Sf21 infected with recombinant baculovirus expressing truncated Hawaii 
capsid gene cell pellet (4) Purified truncated Hawaii capsid protein.
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Figure 5.7 Detection of Noroviruses in faecal samples using full-length
Hawaii capsid antibody
M 1 2 3  4 5  6 7 8 9
62kDa ---------►
47.5kDa _____ w
M 10 11 12 13 14 15 16
62kDa ►
47.5kDa
Figure 5.7 Western blot of Norovirus positive faecal samples stained with 
antibodies to the full-length Hawaii capsid protein (M) Marker (1-10) Norovirus 
positive faecal samples from Frimley Park hospital (11-16) ‘Grimsby’ Norovirus 
positive faecal samples.
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Norovirus positive samples received from Frimley Park hospital. The results 
indicated that the full-length antibody had limited cross-reactivity.
The results using the truncated Hawaii capsid antibody to detect Noroviruses in 
faecal samples are shown in figure 5.8. The truncated Hawaii antibody was 
much more broadly reactive across the panel, reacting with proteins in almost all 
of the samples. Bands of the expected 58kDa size protein were seen in 
approximately 6 of the faecal samples (samples 2, 4, 5, 8, 12 and 16). The 4 
samples that reacted with the full-length antibody were also reactive in this 
analysis using antibody to the truncated proteins (note that a larger protein then 
expected in sample 15 reacted with both the full-length and the truncated capsid 
antibody). HoWever, detection was not clear with many other bands also being 
detected, many of lower than expected molecular weight. It is not clear whether 
these represent degradation products from virus capsid protein or a spurious 
non-specific reaction. However this analysis does indicate that the antibody 
raised to the truncated proteins is either more sensitive or more broadly reactive 
(or both) than that raised to the intact virus capsid protein.
5.3.5 Immuno-concentration of Noroviruses
Western blot analysis indicates antibody reactivity with denatured antigens 
present on the blot. For application in immu no-concentration procedures it is 
essential that antibody should recognise native virus capsids. This was 
investigated by assessing the ability of this serum to immunoprecipitate
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Figure 5.8 Detection of Noroviruses in faecal samples using antibody to
the truncated Hawaii capsid
M 1 2  3 4  5 6 7 8 9
62kDa ----------- ►
47.5kDa ----------- ^
62kDa
47.5kDa
M 10 11 12 13 14 15 16
-►  mg»
Figure 5.8 Western blot of Norovirus positive faecal samples stained with 
antibodies to the full-length Hawaii capsid protein (M) Marker (1-10) Norovirus 
positive faecal samples from Frimley Park hospital (11-16) ‘Grimsby’ Norovirus 
positive faecal samples.
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Noroviruses from faecal samples that we had already analysed by RT-PCR and 
found to be positive for Norovirus (figure 3.12). These faecal samples were 
immuno-concentrated as described and RNA was extracted from the 
concentrates for PCR analysis. None of the immunoconcentrates yielded a 
positive PCR signal. Carrier tRNA was added to the samples in order to improve 
RNA extraction however the results remained negative. These results indicate 
that the antibody was not recognising native virus particles.
5.3.6 Discussion
The data presented here indicate that the antiserum raised was capable of 
detecting denatured virus antigens present on a Western blot. Against this type 
of antigen the serum appears to have a broader reactivity than that raised to 
native virus protein. However the serum has no detectable reactivity towards 
native proteins. This may probably arise because of the insolubility of the 
recombinant antigen prepared here. Since the native protein expressed in this 
system is soluble, this must suggest that the deletion of the variable regions has 
altered the protein folding, exposing normally hidden (and probably hydrophobic) 
epitopes. Serum raised to these epitopes could not then react with the intact 
protein unless it is first unfolded. Thus the basic premise of this study, that 
antibody raised to protein lacking the variable regions would be more cross 
reactive, is borne out. However this particular antigen is unsuitable as an 
immunogen if the serum is required to react with native proteins.
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structural studies using recombinant Norwalk virus capsids have shown that the 
sites at which the deletion was created are not close together (Prasad et al, 
1999; Prasad et al, 2000). Thus simply joining these regions without inserting 
amino acids to bridge this space may have prevented the protein from adopting a 
natural conformation. Coupled with the deletion of predominantly hydrophilic 
residues this may have cause a reorganisation in protein structure leading to a 
hydrophobic non soluble product. In the future more rational design of deletions 
(and any sequences required to replace them) may be more successful.
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CHAPTER 6 
GENERAL DISCUSSION
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Noroviruses are now recognised as a major world-wide cause of epidemic 
gastroenteritis with more than 95% of epidemics of acute non-bacterial 
gastroenteritis in the developed world attributed to these viruses (Hardy, 1999). 
Noroviruses are a significant cause of food-borne disease and account for more 
than 90% of food-borne outbreaks in which a virus has been identified (Food 
Standards agency, 2000). However the importance of food borne viral infections 
may still be grossly under-estimated due to difficulties in recognising food borne 
infection in the community, failure to report outbreaks, unavailability of suspect 
foods for testing and inefficiencies in the analysis methods themselves.
Bivalve mulluscan shellfish are the most frequently reported vehicle of viral 
transmission. The low infectious dose and low levels of virus contamination 
demands a very sensitive method of detection. PCR is the method of choice as it 
is both specific and sensitive. However in application to foods the techniques 
must cope with high sample volumes and the likely presence of inhibitors in the 
sample. Thus methods are time-consuming and require a number of extractions 
to concentrate the virus and remove inhibitors.
The main objective of chapter 3 was to establish a simple method for the routine 
detection of Noroviruses in shellfish. We applied a published method (Lees et al, 
1994) requiring a two step amplification and also sought to develop our own one 
step single tube reaction. Detection sensitivities of both procedures were in the 
range of 1-100 molecules when determined from cloned DNA but our estimates
143
of sensitivity in terms of RNA levels detected suggested much lower efficiencies. 
A limit of detection of 10® molecules of RNA was determined by a conventional 
two-step RT-PCR and 10  ^by the one-step reaction. The limit of detection of the 
Norovirus in both cases was thought to be an over-estimation due to problems 
with quantification of the RNA template. Norovirus can not be cultured and 
therefore FCV was used as a model virus in order to determine the limit of 
detection of infectious virus. This was found to be less than 1 plaque forming unit 
by RT-PCR using virus in medium, or lO^pfu when virus was diluted in oyster 
extract. However, norovirus could not be detected in shellfish thought to have 
been collected from contaminated areas (cockle) or supplied by CEFAS (oyster) 
and thus the levels of sensitivity achieved may be insufficient to detect 
contamination at natural levels.
Hale et al (1996a) compared amplification efficiency and removal of inhibitors by 
four different extraction methods applied to faecal samples. GITC extraction 
followed by adsorption of viral RNA onto a silica membrane was found to be 10 
times less sensitive then RNA extraction using Chelex 100 chelating agent or 
Sephadex G200 column chromatography but 2-50 times more sensitive then the 
PEG precipitation and CTAB extraction methods originally used. This was also 
the only method to successfully remove inhibitors from all samples. They 
therefore concluded that the GITC /silica membrane was the most appropriate 
method for this application. A similar method was developed during this project 
and was successfully used to detect Norovirus in both faecal samples taken from
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patients with viral gastroenteritis and spiked oyster samples. The method 
originally developed by Atmar et al in 1993 (flocculation, PEG precipitation and 
CTAB extraction) resulted in an estimated detection limit of 50-500 viruses based 
on dilutions of stool sample thought to contain 10®-10® Noroviruses. Gouvea et al 
(1994) were able to detect an estimated 20-200 Noroviruses in seeded clam 
samples by RT-PCR using GITC extraction, adsorption to hydroxyapatite and 
precipitation with CTAB. This further supports our interpretation of the sensitivity 
experiments in this study and suggests that levels of RNA may have been 
overestimated in our artificial template.
Detection limits also appear to be improved when sections of shellfish are used 
rather than the whole animal (e.g. dissected hepatopancreas and stomach). 
Firstly viruses are known to be concentrated in these tissues (Romalde et al, 
1994) whilst levels of inhibitors are lower and sample processing size is reduced 
(hepatopancreas from 5 oysters 150 g is only 1.5g). Atmar et al (1995) 
developed a method for the detection of Norwalk virus and HAV in artificially 
seeded stomach and hepatopancreatic tissues of oysters. They detected 420 
copies or 10 RT-PCR units (one unit is the last dilution of stool sample that is 
amplified successfully) in the hepatopancreas and stomach tissues but not in the 
whole oyster. A similar method using the enzymatic digestion of the digestive 
tissue followed by dichloromethane and GITC/ silica membrane extraction 
resulted in the detection of 20PFU HAV/g hepatopancreas (Legeay et al, 2000). 
The results presented in this study using FCV as a model virus suggest that 100
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PFU FCV/g oyster tissue can be detected even using the whole animal and this 
again suggests that the method as developed is at least comparable in efficiency 
to others in the literature.
Further work in this area would have concentrated on developing the extraction 
method using dissected digestive tissues from shellfish and improving the 
sensitivity of the RT-PCR using quantitative Real time RT-PCR approaches such 
as Taqman (Kageyama et al, 2003; Nishida et al, 2003) and SYBR green based 
methods (Beuret, 2004; Laverick et al, 2004; Richards et al, 2004). Taqman 
relies on a sequence specific probe for quantitation whilst SYBR green permits 
the quantitation of all double stranded DNA regardless of sequence.
Richards et al (2004) used a SYBR green real-time RT-PCR method to detect 
and quantify Nonvalk virus in stool samples. Sample dilution and heat release 
was used to extract the RNA from stool samples and a ‘QuantiTect SYBR green 
RT-PCR kit (Qiagen) was used to detect the virus. Melting temperature data was 
used to identify authentic amplicons, primer-dimers and spurious PCR products. 
An estimated 6.16 x 10^° amplifiable Norovirus units per gram stool were 
detected (with 1 RT-PCR unit equal to the highest dilution resulting in a positive 
result). This method was used to demonstrate that three asymptomatic patients 
were in fact actively shedding virus. Beuret (2004) developed a multiplex SYBR 
green real-time RT-PCR method for the simultaneous detection of Noroviruses 
from genogroups I and II, astroviruses and enteroviruses with the analysis of
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melting temperature data to identify amplicons. Laverick and colleagues (2004) 
used a SYBR green based method to quantify Norovirus in sewage and water 
samples.
Probe based QPCR (eg Taqman) relies on sequence specific detection of a 
desired PCR product. A fluorogenic probe consisting of an oligonucleotide 
(complementary to the target sequence) attached to a reporter and quencher dye 
is added to the PCR mix. During the reaction the probe anneals specifically to an 
area between the forward and reverse primer sites. The nucleolytic activity of the 
polymerase cleaves the probe resulting in an increase in the intensity of the 
fluorescent reporter dye. Kageyama et al (2003) developed a broadly reactive 
and highly sensitive assay for the detection of Noroviruses using Taqman probes. 
Serial dilutions of DNA clones containing the 0RF1-0RF2 junction sequence 
from each Norovirus genogroup were used to produce standard curves. A 
detection limit of 10 copies per reaction tube corresponding to 2.0 x 10  ^copies 
NLV RNA/g stool was determined. Norovirus was identified in 99% of stool 
samples found to be positive by EM as well as another 20/28 samples from the 
same outbreak found to be negative by EM. An estimated 9.2 x 10  ^copies of 
Norovirus RNA/g stool were detected. This is higher then the estimates given by 
EM as all Norovirus RNA is detected from viable and none viable particles. This 
method was also used to detect Norovirus in oysters (Nishida at al, 2003). The 
stomach and digestive diverticula of 191 oysters destined for raw human
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consumption were tested. Norovirus RNA was detected in 17 (9%) of these 
oysters with a limit of detection of >10^ copies of Norovirus RNA.
QPCR allows the relative quantification of a PGR product and results can be 
made absolute by reference to standards containing known numbers of 
amplifiable target molecules. Sensitivities for the detection of Noroviruses are 
lower using probe-based methods compared to SYBR green but require the 
production of highly complementary probes whereas degenerate primers with the 
SYBR green system may prove more useful for the detection of Noroviruses due 
to their high sequence diversity. However both of these methods provide a 
sensitive and quantifiable method which can be developed to detect low levels of 
enteric viruses in foods.
Fresh fruits and vegetables are commonly implicated in outbreaks of viral 
disease; these form the food vehicle most commonly implicated after 
shellfish/water. They may be contaminated in the field by irrigation with faecally 
contaminated water or by the use of sewage sludge as a fertiliser. In order to 
minimise the risk of contamination of these commodities with enteric viruses the 
application of untreated sewage sludge to agricultural land has been banned in 
the UK. However fresh produce may be imported from countries where 
untreated sewage sludge and waste-water are still used (Seymour & Appleton, 
2001). More research is required in order to establish whether salad, vegetables 
and fruits can take up enteric viruses via their roots and thus provide a risk of
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illness. Therefore the main objective of experiments described in chapter 4 was 
to determine whether viruses can be taken up and internalised by plants grown in 
virally contaminated media.
The results indicated that model viruses, such as bacteriophage MS2 and FCV, 
can be taken up by plants grown on virally contaminated media however high 
input levels of virus are likely to be required. This was also concluded by Ward 
and Mahler (1982) who measured uptake of bacteriophage f2 in corn and bean 
plants. They found that when plants were exposed to high levels of phage (10^° 
pfu/ml) in a hydroponic system few phage were found in plants with uncut roots 
whereas significant levels of phage was found in plants with cut roots. They also 
found that phage was transported to all parts of the plants. There was no uptake 
of phage in plants with uncut roots until day 4 of exposure with no further 
increase whereas large numbers of phage were taken up and transported to all 
parts of the plant from day 1 of exposure in plants with cut roots. Viral uptake 
was also found to be highly dose dependant with a maximum amount of phage of 
10®pfu/g detected in plants whose roots were exposed to 10^° pfu/ml (Ward & 
Mahler, 1982). These results are comparable to the results reported here as a 
lower exposure of phage of 10^pfu/ml resulted in 10^pfu/g detected in plants.
In a similar study Katzenelson and Mills grew cucumbers, peppers and lettuce 
plants in hydroponic systems and incised or severed the roots before exposure to 
10®PFU/ml of poliovirus vaccine strains. Maximal uptake was found in plants with
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severed stems where uptake of 10^ ^pfu/g was observed. Uptake was also found 
in plants with cut tap roots and rootlets but at a lower level of 10^pfu/g 
(Katzenelson & Mills, 1984). The system used in the current study was designed 
to mimic more natural conditions with root damage caused by soil abrasion more 
likely to occur in the smaller rootlets. The results reported here are comparable 
to those reported by Katzenelson and Mills. Ward and Mahler (1982) 
investigated the effect of root repair and found that virus uptake decreased 
rapidly with root repair and that repair was -99% complete in 3 days. Therefore 
the results of these studies indicate that although viral uptake could occur in 
damaged roots uptake is small relative to exposure level and is likely to be 
minimised by root repair.
Studies into the development of a protocol for the extraction of viruses from salad 
crops were limited. The limit of detection of FCV in spiked samples determined 
in this study was 1.25x10^PFU/5g cress. Gouvea et al (1994) detected an 
estimated 20-200 Nonyvalk viruses seeded onto melon and lettuce using the 
method described previously to detect virus in seeded clams. Bidawid et al 
(2000) detected as few as 10 PFU of HAV on experimentally contaminated 
lettuce and strawberry samples by capturing virus using positively charged filters 
and immunomagnetic beads. Leggitt and Jaykus (2000) detected viral RNA in 
lettuce samples inoculated with >10^ PFU/50g poliovirus, >10^ PFU/50g HAV and 
>1.5 x lO f  PCR amplifiable units/50g Norwalk virus extracted by sequential steps 
of homogenization, filtration and PEG precipitation.
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Sair et al (2002) evaluated a number of RNA extraction methods and developed 
a one-step RT-PCR method for the detection of HAV and norovirus in lettuce 
samples similar to the one used in this study. Lettuce samples were processed 
using a filtration-extraction-precipitation method (Leggitt & Jaykus, 2000) before 
inoculation with HAV or Norwalk virus. Viral RNA was extracted using GITC, 
microspin columns, Qiashredder homogeniser, ‘trizol’ reagent, or a combination 
of methods. The use of a trizol reagent, a commercially available guanidinium- 
phenol based solution, coupled with the Qiashredder homogeniser yielded the 
best results: <100 PFU HAV /6g lettuce and <50 RT-PCR units Norovirus/6g 
lettuce. These results are comparable with those gained during the study 
reported here. Any further work in this area would perhaps involve larger scale 
studies using lettuce and soft fruits grown under natural conditions and irrigated 
using contaminated water to consolidate these results. It should be borne in mind 
that contamination inside a plants tissue could be more significant than that on 
the exterior even though it may be smaller in magnitude. This arises from the fact 
that internalised virus is protected from UV. Fruits and salad vegetables are 
imported into N Europe because there is insufficient sunlight at these latitudes to 
grow the produce. Although water quality may be poorer, the increased levels of 
ultraviolet radiation mean that surface contamination can be inactivated relatively 
rapidly. Badawy et al (1990) studied virus survival on sewage-irrigated grass in 
Southern USA and found 2- log reductions in titre were achieved in just 8-10 h in 
the summer, slightly longer in the winter (16-24h). Furthermore, in the case of
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salad vegetables levels of external contamination can be reduced by washing 
and peeling (or removal of outer leaves).
The expression of the Norovirus capsid gene by recombinant baculovirus results 
in the production of virus like particles (VLPs) with antigenic properties similar to 
those of the native virus. Norwalk virus (Jiang et al, 1992a), Toronto virus (Leite 
et al, 1996), Hawaii virus (Green et al, 1997) and Grimsby virus (Hale et al, 1999) 
capsid proteins have all been expressed in this way. Antisera raised to these 
VLPs have been used to develop EIA assays to detect Noroviruses in faecal 
samples. However these assays are usually strain specific and are therefore of 
limited use in general detection methodologies for diagnostic use. It is only 
recently that ELISA systems have been developed using a more generally 
reactive mixture of antisera to provide a broadly cross reactive response. 
However the work in this thesis continued experiments started previously and 
intended to derive a single serum with more general reactivity by deleting the 
strain specific and immuno-dominant regions of the capsid protein. When used 
as an antigen such a protein should force immune response towards the more 
general and shared epitopes.
X-ray crystallographic studies have shown that each capsid protein consists of a 
distal globular head domain (P2) and a stem domain (PI) connected via a flexible 
hinge to a shell domain (S). The N-terminal residues of the Norwalk capsid 
protein form the S domain and its amino acid sequence is highly conserved. The
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P1 domain is moderately well conserved whereas the P2 domain contains a 
highly variable sequence and forms the most exposed region of the particle 
(Prasad et al, 1999). The structural requirement for the assembly of Norwalk 
VLPs has been investigated using deletion mutants (Bertolotti-Ciarlet etal, 2002). 
Deletions in the N terminal region were found to affect particle assembly whereas 
deletions in the C terminal region were found to affect the size and stability of the 
particle. The complete removal of the P domain results in the formation of 
smaller arch-less and smooth particles by the highly conserved S domain. Thus 
antisera raised to these VLPs may be cross-reactive allowing the detection of 
different Norovirus strains (Bertolotti-Ciarlet et al, 2002).
The final aim of this project was to manufacture a truncated Hawaii virus capsid 
antigen lacking the variable (P2) region, raise antiserum and analyse its reactivity 
towards various Norovirus antigens. This antigen had been engineered for this 
purpose in Surrey in 1998. The data presented in chapter 5 indicate that the 
antiserum raised was capable of detecting denatured virus antigens and 
appeared to have a broader reactivity than that raised to native virus protein. 
However the serum had no reactivity towards native proteins possibly due to 
incorrect folding of the recombinant antigen. The native protein when expressed 
in this system is soluble therefore deletion of the variable regions may have 
resulted in the exposure of normally hidden (and probably hydrophobic) epitopes 
and thus caused the product to be insoluble. These hydrophobic residues would 
not normally be exposed on the surface of intact virus protein but are clearly
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accessible when that protein is denatured and analysed by SDS polyacrylamide 
gel electrophoresis. Consequently serum raised to these epitopes may well be 
more generally reactive towards denatured proteins in Western blots but cannot 
recognise the intact protein. Future work should focus on the more rational 
design of deletions (and any sequences required to replace them) which may be 
more successful.
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APPENDIX
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Determination of DNA concentration:
The concentration of DNA was determined spectrophometrically as follows: 
Absorbance260nm x dilution factor x 2 x 50 = [DNA] pg/ml 
Total Yield = [DNA] x volume of sample
Determination of number of molecules of DNA/fji:
[DNA] = 138pg/ml
Plasmid DNA = 3014 base pairs, length of transcript = 270 base pairs
Therefore 1 molecule = 3284 base pairs
Molecular weight of 1 base pair = 660g
Avogadros Constant = 6.0025 x 10^  ^molecules/mol'^
Therefore the molecular weight of 1 molecule = 3284 x 660 = 2167440g/l 
(= 2.16744 X  10^^pg/l)
6.0025 X  10^^/2.16744 x 10^  ^= 2.78 x 10^  ^molecules/pg 
= 3.8 X  10^° molecules/pl
Determination of RNA concentration:
The concentration of RNA was determined by incorporation of radio-labelled UTP 
as follows:
The 5pl aliquot measured contained 1.5nmol UTP 
Specific activity (cpm/pmol UTP)
= activity measured in 5pl aliquot (cpm) /1500pmol
187
= 24262.3 
1500
= 16.17 cpm/pmol UTP
Total reaction yield (pg RNA)
= activity (cpm) x 20 (dilution factor) x 4 (pmol NTP/pmol UTP) 
Specific activity (cpm/pmol UTP) x 3030 (pmol dNTP/pg RNA)
=1136.3x20x4
16.17x3030
=1.86pg RNA (0.186pg/pl)
Determination of number of molecules of RNA/fji:
Molecular weight of 270 base pairs = 86400kDa 
Therefore 86400g (8.64 x 10^  ^ng) contains 6.0025 x 10^  ^molecules 
= 6.9 X 10® molecules/ng 
= 1.28 X  10^  ^molecules/pl
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